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FOREWORD

The research described herein, which was conducted by the Northern
Research and Engineering Corporation, was performed under NASA Contract
NAS 3-12419. The work was done under the technical management of
Mr. Arthur J. Glassman, Fluid System Components Division, NASA-Lewis
Research Center. The report was originally issued as Northern Research
and Engineering Corporation Report 1147-1, July 11, 1969.
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ANALYSIS OF GEOMETRY AND DESIGN-POINT PERFORMANCE
OF AXIAL-FLOW TURBINES USING SPECIFIED
MERIDIONAL VELOCITY GRADIENTS

by A. F. Carter and F. K. Lenherr

Northern Research and Engineering Corporation

SUMMARY

A computer program for the design-point analysis of axial tur-
bines using a modified stream-filament approach has previously been pre-
pared for NASA-LeRC and is documented in program contractor reports NASA
CR-1181 and NASA CR-1187. However, with use it has been clear that, for
some design requirements, the resultant solution of the design station
flow fields was extremely sensitive to two of the originally selected de-
sign analysis variables. Since design specifications which failed to
yield a solution or produced a mechanically unacceptable solution could
be characterized by large radial gradients of through-flow velocity at a
design station, it was logical to assume that the use of through-flow ve-~
locity gradients as design analysis variables would lead to a more useful
computer program.

The report presents the modification of the analysis necessary
for a solution using the new analysis variables, documents the resultant
computer program, and provides a sample case. The new program complements
the original rather than replaces it in that not all the originally se-
lected optional specifications of a design are made available in the new
program. However, the program can be used independently of the original
for designs in which blade-element performance is directly specified by
total-pressure-loss coefficients or indirectly by the coefficients of a
correlation of the total-pressure-loss coefficient chosen for fully con-

sistent analyses.



INTRODUCT ION

Under Contract No. NAS3-9L18 for NASA-Lewis Research Center,

Northern Research and Engineering Corporation developed a computer pro-

gram for the analysis of the geometry and design-point performance of
axial flow turbines. During the development of the program and its sub-
sequent use for particular design specifications, it became clear that
for some design requirements, the resultant solution of the design prob-
lem was extremely sensitive to two of the analysis variables which had
to be selected by the program user. These two analysis variables were
the radial variation of stator exit tangential velocity and the varia-
tion of power output function with streamline number. Flow conditions
at stator exit are controlled by the first of these variables; the second
is the major factor influencing the solution at rotor exit., While the
choice of these variables for a stream-filament analysis of a turbine
design-point requirement appeared logical and acceptable, experience
with the computer program has shown that considerable skill and experi-
ence are required in order to obtain satisfactory design solutions.

The underlying reason for the sensitivity of. the stator flow
field solution to the tangential velocity distribution is that radial
equilibrium has to be satisfied for a flow in which the tangential ve-
locity is a dominant factor. Thus, if a tangential velocity distribution
is specified, the value of local static pressure required to maintain
radial equilibrium has to be obtained by changes in the relatively
minor component of velocity. Hence, outside of a fairly narrow band of
tangential velocity distributions, it is often impossible to obtain a
radial equilibrium solution with positive axial velocities through the
flow field.

In the case of the stage exit design plane, it has been found
that there is a similarly narrow band of power output distributions for
which there are satisfactory solutions. Since the static pressure level
at any point in the flow field must be consistent with the over-all annu-
lus radial equilibrium requirement, injudicious choice of streamline en-

thalpy drops can imply unacceptably large variations in axial velocity



levels., The difficulties are, of course, compounded by the presence of
significant gradients of total pressure which are introduced by the radial
variations of rotor losses.

A modified computer program, designated Program TD2, has been
developed to overcome these deficiencies in the original program. This
has been accomplished by deleting the specification of stator exit tan-
gential velocity distributions and stage power output distributions, and
substituting in their place options to specify implicitly distributions
of meridional velocity at stator and/or rotor exits. In this manner,
the variable which has in the past exhibited the greatest variation may
e limited by the turbine designer in advance to a reasonable range of
values. Thus, the computation of designs for which there is no accept-
able solution in terms of blading angles has been largely eliminated.

The analysis procedure employed by Program TD2 is very similar
to that of the original program. A1l of the useful refinements of the
basic stream=filament model have been retained. These include treatment
of cases of interfilament mixing, coolant flows, and variations of spe-
cific heat through the turbine. |In addition, the options of specifying
radial distributions of stator exit flow angle and/or radially uniform
stage work output have been preserved. In this way the utility of the
new program should be greatly increased, by permitting the designer to
apply its special capabilities to only those rows for which such an ap-
proach is indicated, while treating the remaining rows in a manner fully
compatible with the original program.

The opportunity presented by the preparation of a new program
has been taken to make two improvements in the method of solution. Firstly,
the four unknowns, B, , To ,\AL, and Vm are now obtained by integration of
the four derivatives obtained from the simultaneous solution of the four
differential equations. Secondly, loss coefficients for individual stream-
lines are now determined iteratively; the reasons for claiming these changes
as improvements are as follows. |In the original program despite the fact
that values of dV&?/dﬁ- , %% dﬁfq, and °(VuA£“. were obtained from the
solution of the simultaneous equations, only the meridional velocity

gradient was integrated to obtain an adjacent streamline value while the



value of total pressure at that streamline was obtained from the calcu-
lated value of exit dynamic head and a local loss coefficient. Although
this procedure is analytically justified, small inaccuracies in the for-
ward step procedure (introduéed by the assumption that the derivative
*iYiircould be expressed as an analytical function) occasionally produced
local values of static pressure not consistent with the radial equilibrium
requirement. By simultaneously integrating all the principal unknowns,
the occasional inconsistency has been eliminated. The change from a di-
rect solution of the loss coefficient to an iterative solution is judged
to be an improvement primarily because in the resultant program structure
the loss coefficient correlation appears in its explicit form in a sub-
routine rather than implicitly in various coefficients of the differential
equations. Thus, the new program will not require any major change in the
event that some other loss correlation is subsequently shown to be more

realistic than the one currently proposed.

Report Arrangement

The report can be considered as having two parts. The first of
these presents the basic analysis used in the computer program and a func-
tional description of the program suitable for personnel who use the
program as a design tool. The main body of the report presents in turn
a review of the original analysis which is retained in the new program,
the revision of the analysis for flow field solutions using the new de-
sign analysis variables, a description of the program input, normal out-
put, error messages, miscellaneous operational information, a sample case,
and conclusions. Appendix | contains the input data sheets and computer
printout for the sample case.

The second part of the report is concerned with the more de-
tailed description of the computer program. Appendix |l and Appendix 11!l
present the over-all program logic and the calculation procedures. Ap-
pendix 1V lists the C@MMPN Fortran nomenclature. The remaining appen-
dices consider the main routine and then each of the subroutines as in-

dividual parts of the complete program.




Capabilities and Limitations of the Progrém

The basic assumptions used in the development of the analysis
method are:

1. The flow is inviscid and axisymmetric at each of the design

stations.

2. The effect on radial equilibrium of any variation of meridio-
nal velocity in the meridional direction at the design sta-
tions is negligible.

3. The value of specific heat at constant pressure is radially
constant at all design stations.

L., The meridional components of streamline slope and curvature
vary linearly with radius between values established at the
annulus walls, when slopes and curvatures are internally
computed, or are directly specified as a function of radius
by input data.

The program will compute the standard turbine design parameters
at a preselected number of streamlines. These parameters will be con-
sistent with the specified design requirements and analysis variables,
the requirement of radial equilibrium, and the definition of row total-
pressure~-loss coefficients used in the analysis. For multispool applica-
tions, spool designs can be computed consecutively; for single spool de-
signs, any number of sets of analysis variables can be considered for
alternative design analyses.

The row performance is defined by either directly specified val-
ues of local total-pressure-loss coefficients or by coefficients defining
a correlation which is used for internally computed consistent values of
total-pressure-loss. The optional specifications of row or stage per-
formance using kinetic-energy-loss coefficients or efficiencies provided
in the original program have been omitted from the new program.

The use of the specification of meridional velocity gradients
will significantly reduce the number of cases for which there is no valid
solution of the design problem for the selected analysis variables. How-
ever, when this optional specification is not used and consistent row

total-pressure-loss coefficients are computed using the internal correlation,



large gradients of meridional velocity may be generated in the attempt to
obtain a solution of the design problem. When the specifications imply
large gradients of meridional velocity, the possibility exists that the
program will fail to converge to a valid solution. Experience with the
original version of the program has shown that when a convergence problem

occurs, there is in fact no solution having positive values of meridional

velocity throughout the flow field.



THE BASIS FOR THE REVISED ANALYSIS

Introduction

The over=-all approach to the design problem with the alterna-
tive specification of the design analysis variables remains that used
for the original computer program, Program TD. That is, the stream-
filament design procedure presented in Reference 1 forms the basis for
the modified computer program (designated TD2). 1In this section of the
report, the original analysis procedure is briefly reviewed. The princi~
pal objective is to present the basic equations which are common to both

the original and revised analysis.

The Stream-Filament Design Approach to Turbine Design

The stream-filament approach to turbine design is essentially
a simplification of the streamline curvature method of solution of a time-
steady axisymmetric flow in an arbitrary duct or annulus. The streamline
curvature method which has been applied to axial and centrifugal compres=~
sors for both design and off-design analysis usually involves iterative
solutions of the meridional components of streamline slope and curvature,
these being streamline quantities which occur in the radial equilibrium
equation. |In Reference 1, it is argued that these quantities cannot be
realistically evaluated at a particular design station using computed
streamline positions at adjacent design stations which are upstream or
downstream of blade rows adjoining the design station. Hence, the annu-
lus geometry is used to define meridional components of streamline slope
and curvature. |In particular, both these quantities are assumed to vary
linearly across the annulus between annulus wall values which are also
assumed to be the boundary streamlines of the flow. As a consequence of
this approach, it is possible to complete the design analysis station-by-
station from turbine inlet to final exit without any major iteration of
streamline locations involving more than one design station.

The second simplification of the stream-filament approach is to
assume that the effect of the derivative of meridional velocity with re-

spect to the meridional flow direction on the radial equilibrium condition



is negligibly small in the interrow gap where the solution of the flow
field is to be obtained. Hence, the assumed radial equilibrium equation

for the stream-filament approach is as follows:

S df _\QL- \ECMH (1)
{3 A _1\ Ten

where the streamline slope angle, A , and the meridional component of
streamline curvature, )/Th\ , can be regarded as known or readily calcu-
lated quantities.

In the original analysis, the total pressure and the tangential
and meridional components of velocity were considered as the three basic
analysis variables with the total temperature considered as a specified
or readily calculated streamline flow parameter which would satisfy the
design power output requirement. Hence, because the radial equilibrium
equation which has to be satisfied at each design station is a differen-
tial equation and there are three unknowns, two additional differential
equations were obtained from the definition of streamline element blade
row total-pressure-loss coefficient and the equation relating the ve=~
locity components. These three differential equations, together with the
mass flow continuity equation, then permit the solution of the three un-
knowns for the specified mass flow at the design station.

The four basic equations of the analysis were therefore the

radial equilibrium equation (Equation 1) and the following:
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ﬂln the original analysis, three differential equations of the following

#form were obtained from Equations 1, 2, and 3.

b
CM %TYT "'Cn:LT:;oO\TtO + Cns "d(_\‘/“' = Cny (5)

The set of three differential equations was then solved at streamline lo-
cations starting at the central streamline using initial values of the
coefficients determined iteratively in the solution of the over-all mass
flow continuity and the location of streamlines which would satisfy the
individual filament mass flow continuity. To simplify the solution, the
basic differential equations are solved in the same manner, irrespective
of the design station being considered or the type of specification; the

twelve coefficients are evaluated for the particular requirement.

Modifications to the Stream-Filament Approach

The stream-filament approach to turbine design essentially

treats the total flow as a number of stream filaments which can be iden-

tified at each design station. The flow in any given filament, defined

by adjacent streamlines, is assumed to remain in that filament throughout
the turbine. Thus, the method can be considered to be deficient in two
respects. Firstly, it ignores interfilament mixing which can occur in

the complex flow field within blade rows. Secondly, the addition of cool-
ant flows to the mainstream in the case of cooled turbines is neglected.
Precisely how these two factors should be introduced in the stream-
filament analysis involving only the interblade row design stations is
open to question. However, an empirical approach was adopted in the

analysis of Reference | and will be retained in the revised analysis.

Interfilament Mixing

Within a turbine blade row, whether it is a stator or a rotor,
there can be significant secondary flow effects which could redistribute
the flow between the stream filaments defined on an axisymmetric basis at

inlet and outlet planes. The total-pressure loss of a preceding blade



row exists in wakes and low-momentum flows near the end walls and these
regions of low-momentum fluid do not fully mix before entering the fol-
lowing row, and therefore interfilament mixing can be expected within

the complex flow field of the blade row. 1In Reference 1, it was decided
to model the probable mixing as a mass flow mixing process. Thus, total-
pressure and total-temperature profiles were permitted to change, while
the mass flow weighted quantities remained constant. To simplify the
calculation procedures, the mixing process was assumed to occur somewhere
between two design stations, but revised profiles of total temperature
and total pressure were used as inlet values to a blade row for the pur-
pose of computing blade row losses and work output. The formulations of

mixed values (from Ref 1) are as follows:

an£§5§KMHgfﬁsf?h (6)
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% * L.
where - FLJ and T;d are the mixed values and the suffix j denotes a
streamline value. The mixing parameter, *%U could be specified for in-
dividual streamlines, or as a constant for the entire flow,J(h. In the

latter case, the Equations 6 and 7 simplify to yield

- ——
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and
—_ ey
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where FL and~T; are mass flow weighted mean values for the original
profile. Unfortunately, the analysis provides a means of simulating
mixing without necessarily providing any guidance in the selection of

the values of the mixing parameter. Nevertheless, the inclusion of the

10
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mixing parameter could provide a basis for future analyses where experi-

mental data are available.

The Addition of Coolant Flow

For many turbines, blade or disk coolant flows will be required
and these will enter the main turbine flow. Obviously, for cooled tur=-
bine designs in which the coolant flow can be a significant percentage
of the total flow, the effect of the addition of coolant flows should be
considered in the design-point analysis. 1in the previous analysis, the
addition of coolant flow was treated on an equal basis for all stream
filaments. That is, no attempt was made to associate the coolant flow
originating at a rotor tip or at the rim of a disk with the local stream
filament at the outer or inner annulus wall. in effect, it was assumed
that any cocolant flow is fully mixed throughout the entire flow at the
exit of the row in which the coolant was introduced. The two equations
used to describe the addition of coolant in Reference 1 will be retained.

These are:

.TQ_
Y
h

and

o —
.7;3 - 5i§—|—nil + Aw lae (11)
Wnsr 4 Aw

where -l and " are suffices denoting the upstream inlet station and the
exit design station of the row in which the coolant is introduced. The
coolant flow, AW, for any particular row, while considered to fully mix
with the main flow causing a change of temperature level, is not assumed
to produce any total-pressure loss due to mixing. It was assumed that any
total=-pressure loss due to the addition of coolant could be specified as

a factor by which the basic loss coefficient is increased. Similarly, it

was assumed that specific heat differences between coolant and main flow

11



could be neglected as having a negligibly small effect on the calculated

temperatures after mixing.

Additional Assumptions

To improve the validity of any particular design analysis, two
additional assumptions were made in the original analysis and these will
be retained. The first of these concerns the treatment of the thermody-
namic process in which the variation of temperature through the turbine
is sufficiently large that the ratio of specific heats,?f, cannot be con-
sidered as a constant for the over-all expansion. The second assumption
concerns the type of correlation of elemental row total-pressure-loss

coefficients.

Variation of Specific Heat

Since the ratio of specific heats and the value of specific heat
at constant pressure are temperature dependent, a rigorous analysis would
include consideration of both these quantities as dependent on the local
temperature. However, the numerical solution of the flow field at any
station is considerably simplified if the values of ¥ and C? are as-
sumed to be radially constant despite the fact that a large static tempera-
ture difference could be obtained between hub and casing streamlines at
a stator exit. Nevertheless, in a multistage turbine the temperature drop
from inlet to exit may be sufficiently large that significant errors could
be introduced if the value of specific heat were assumed invariant through-
out. Hence, it was assumed that design station values of specific heat
would be specified for turbines in which the over-all decrease in tem-
perature would result in a significant change in the value of specific
heat.

For equations which involve more than one station, appropriate
simple mean specific heats were assumed. For example, the Euler work

equation is expressed as

Cp AT, = %= e W - Vaz. (12)
5
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where

—

¥ CEI + Cka.

2

Similarly, a stage isentropic temperature ratio is related to the stage

total-pressure ratio as follows:

%-1

-T-DD _— ( Foo > E (]3)
Tazs Poa

where

%) = B2
U J (F,+.CP1

Hence, three station values of C@,appear in the following expression

for stage efficiency:

(CP: + Cbu) CTol - T—oa>

el (el o

(15)

¢

Total-Pressure-Loss Coefficient Correlation

The relatively sophisticated turbine design-point analysis would
be of little real value unless row performance in terms of the expected
total-pressure loss is reasonably consistent with the computed flow con-
ditions. Since it was desirable to develop a computer program for tur-
bine design analyses which did not require a detailed specification of
the blading, a correlation of total-pressure-loss coefficients in terms
of aerodynamic design parameters was developed as part of the original
program of work. The form of the correlation used originally, and which

will be retained, is as follows:

Y = “‘ow‘/sm Pa"‘ﬁ@l .}(.La:_:) (15)
Cat,_ + A< ws/sc«)
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The coefficients q, to Qg were assigned recommended values but their
actual values were to be selected as program inputs by individual users.
In general, it is believed that the form of the correlation is realistic
in terms of the loss dependence on a change in tangential velocity, the
row reaction as reflected by its inlet to exit velocity ratio, and the
probable effect of trailing edge blockage.

14



REVISIONS OF THE ANALYSIS

Specification of Design Requirement and Analysis Variables

As previously stated, the principal reason for undertaking a mod-
ification of the turbine design-point analysis program documented in Ref=-
erence 2 is that two of the originally selected analysis variables were
found to be difficult to use. For some design examples it was found that
the flow field solution was so sensitive to the selection of these analy-
sis variables that it was extremely difficult or even, in some cases, im-
possible to obtain solutions. However, with the exception of the replace-
ment of the two analysis variables by more suitable ones, the specifica-
tion of design requirements and other analysis variables remains substan-
tially the same as that for the original program. Although, from the
point of view of the numerical solution of a particular design problem,
there is no real distinction between design requirements and analysis
variables, these are subdivided in a conventional manner in the follow-

ing list.

Design Reqguirements

. Number of spools.
. Rotational speed of each shaft (rpm).
. Tota) power output of each shaft (horsepower).

Inlet mass flow, lbm per sec.

2

3

L

5. Inlet total pressure as a function of radius (psia).

6 Inlet total temperature as a function of radius (deg R).

7 Inlet flow angle as a function of radius (degrees).

8. Additional coolant flow for each blade row in turn expressed
as a fraction of the inlet mass flow.

9. Coolant temperature at each point of addition (optional).

10. Gas constant and specific heat at constant pressure for

each design station.

Analysis Variables

1. Number of stages per spool.

15



N

La,

Lb.

ba.

5b.

ba.

6b.
7a.

7b.

8.

Individual stage power outputs expressed as a fraction of
the total power output of the spool.

Annulus dimension, hub and casing radii at first stator
inlet and each blade row exit (inches).

If streamline meridional slopes and curvatures are to be
computed from local annulus wall values, the axial spacing
of the design stations (inches) must be specified together
with additional upstream and downstream annulus definition.
If streamline meridional slopes and curvatures are to be
specified as an alternative to the internal calculation,
values of these quantities (degrees and ins']) must be
specified as a function of radius for each design station.
Mean streamline stator exit tangential velocities (fps) and
the radial gradients of meridional velocity as a function
of radius (per sec).

Stator exit absolute flow angles as a function of radius
(degrees).

The gradients of meridional velocities at stage exit as a
function of radius (per sec).

Radially constant stage total temperature drop.

The coefficients &, to Qg defining the total-pressure-
loss coefficient correlation and additional loss factors
as a function of radius for each blade row.

The blade row total-pressure-loss coefficients as a func-
tion of radius.

The streamline mixing parameter for any blade row in which

some degree of interfilament mixing is to be specified.

Items 5a and S5b are alternative specifications of stator exit conditions,

6a and 6b are alternative specifications for stage exit conditions, and

item 7b is provided as an alternative for any case in which an analysis

other than that provided by the internally computed loss coefficients is

required. Iltems 5a and 6a are the new analysis variables, while 5b and

6b are considered the most useful of alternatives which in fact are also

available in the original computer program.

16




Required Data from a Design-Point Analysis

Basically the data required from any design-point analysis is

a complete definition of the velocity triangles at each interrow design

station together with the total pressures, total temperatures, and Mach

numbers.

These data together with the gas constant and specific heat

at constant pressure then permit the calculation of any quantities of

interest using standard aerodynamic and thermodynamic formulae.

The desirable output of a design-point analysis computer pro-

gram (together with a complete printout of design requirements and analy-

sis variables which comprise the program input) are as follows for each

of the streamline locations considered in the analysis:

Radius of streamline.

Meridional, axial, and tangential velocity components.
Absolute velocity and flow angle.

Blade speed and relative flow angle.

Absolute total pressure and total temperature.

Rotor relative total pressure and total temperature.
Static pressure and static temperature.

Absolute and relative Mach numbers.

For analyses in which interfilament mixing and/or the addition of cool-

ant flows has been specified, the modified values of total pressure and

total temperature are also required.

stage the

From the basic velocity triangle and thermodynamic data of each

following information is also desirable.

1.

Streamline values of stator and rotor velocity ratios as
indicators of the section reactions.

Streamline values of stator and rotor total-pressure-loss
coefficients.

Streamline values of stator and rotor blade row efficiencies.
Streamline values of rotor and stage isentropic efficiencies.
Stator and rotor blade row efficiencies.

Stage work output in Btu per 1lbm.

Stage total-to-total and total-to-static isentropic effi-

ciency.
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8. Stage blade-to-jet speed velocity ratio.
Items 5 to 8 require the use of mass flow weighted pressures and tempera-
tures.

For multistage analyses, spool performance data comprising the
following quantities are normally required.

1. Spool work and power.

2. Over-all total-to-total and total-to-static pressure ratios.

3. Over-all total-to-total and total-to-static isentropic ef-

ficiencies.

L., oOver-all spool blade-to-jet speed velocity ratio.

The Revised Ana]xsis
The origina] analysis treated duh\ l/ dlo and G‘V‘k as the
’ f ’ .E}

three principal unknown quantities at eaé%kbf the design stations. In
each case the total temperature and derivatives of total temperature with
respect to radius were considered either as known quantities or quanti-
ties which could be obtained readily from the specified power output
function. When a specification of dvm/am at stage exit is permitted,
it becomes desirable to consider the total temperature as a variable
and to include its solution with that of the total pressure, meridional
velocity, and tangential velocity., Thus, four differential equations
must be formulated. A relatively minor modification of the original
analysis, involving the change of one of the unknowns frqm dﬁﬁ: to d Ve ,
is also suggested by the use of dwyﬂ; as a possible input ét;cific;??én
at either stator or stage exit design stations. Therefore, the revision
to the analysis consists primarily of deriving four differential equa-
€tions in which dVa y o\((m\ﬁ} , oV , and g\__((.. Tu) are the unknowns. As
o = ar @ J

in the previous analysis, three differential equations are derived from:

1. The radial equilibrium equation (radial momentum).

2. The element performance equation (total-pressure-loss co-

efficient equation).

3. The velocity components equation.

The fourth equation is derived trivially from the total-temperature dis-

tribution with radius in the cases where this distribution is known or

18



from the Euler work equation in the case of stage exit design station
where the power output distribution is not specified. The work equation

is, of course,
SOTC"QC—'—C"-‘T;I) = \A\V\M-UQ_VU.Z. (]6)

where the mean specific heat,Z; , is as defined in Equation 12.

Since the solution of the differential equations will yield
values of dltq;ﬂ) rather than the actual total temperature, the total
power output of the stage (which is invariably a design requirement) must
be satisfied in order to establish the actual values of total temperature
as a function of radius at stage exit. The integral form of the power

output equation is as follows:

P = '?%%—J:—q’ fVmcosf'\(’!Boﬂh)r dr (17)
T

Although it would be possible to simplify the set of differential equa-
tions to a form which is dependent on the design station under considera-
tion and the selected analysis variables for a particular design analy-
sis, from the point of view of efficiently programming a design analysis,
it is desirable to retain the basic set of differential equations. Thus,
at each design station irrespective of the selection of design analysis

variable, the following equations have been derived:

Cy Al 4 Cia dlls) ¢ AW o ¢, dULgT) = Lis (18)
Cay ig"‘\ + (a2 Z‘é’f)ﬂ‘)*‘cu %\/I: +C %{—(("{R) = Cos (19)
Cy, dﬁ“ +Caa 3&—”{(“3&)‘*‘ Cy O—t%: +(5, %ﬂ—((b{t-b = Gs (20)
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Cop ‘%V-: + Cus %%3?") + (4 ‘%* v Gy fg%—‘-@) - Cs (21

where the coefficients (,, through ng—can be computed for particular
variants of the problem of obtaining a solution of the flow field which
satisfies the design requirements. The remainder of this section of the
report considers each of these four differential equations in turn and
describes how they are derived for particular design stations and/or

choice of the optional specification of the design parameters.

Radial Equilibrium Equation

Equation 1 is expressed in terms of static pressure and den-
sity and, hence, to obtain an equation of type required (Equation 18)
these gquantities are first to be expressed in terms of total pressure,
total temperature, and the velocity components (V,, and Vi ). The stan-

dard formulae are as follows:
1
2 -
_ b i| VS A (22)
[ RTeo 2303—6\9!0

=
and L( - m +V (23)
53T
From the differentiation of Equation 23, Equation 22, and the original

expression of the condition of radial equilibrium, the form of the radial

equilibrium equation used throughout the analysis is as follows:

2V «L\KM X ‘)L\/Hvu - 29,767 ] A((«QP + %

(wa-kVLl)S£§C¥;Ej = £Zl££t&§$l; - 2}&;

*r Yoo T (24)
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The coefficients of Equation 18, C|| tol,s , are identified by Equation

2t and remain in this standard form throughout any design analysis.

Total-Pressure Equation

At the turbine inlet, the total pressure will be specified as

a function of radius. Hence, Equation 19 is readily derived as
d (gt o L d(fut) 25)
dx Poo("f or

For subsequent design stations, the total pressure is dependent
on a row total-pressure-loss coefficient, the isentropic value of total

pressure, and the row exit dynamic head. Thus, for a stator row

Py = _ FPos (26)
|+ Yo (! —;-'-)

(oa for &3 Pus - (03 {' + Y (1= —2‘)} (26a)

Expressing the ratio Fa/pn| in terms of the velocity component (using

or

i

Equation 23), the differentiation of Equation 26a yields an equation of
required form. The coefficients of Equation 19 are then identified.
Since the expressions for the coefficients are relatively complex, they
are not stated here; they are presented in the relevant steps (35-38) of
the detailed calculation procedure of Appendix I11.

In the case of the stage exit design stations, the total pres-
sure is somewhat more complex in that the rotor row total-pressure-loss
coefficient is expressed in terms of the relative total pressures. The
rotor loss coefficient definition of Equation 2 can be reexpressed in

terms of the stage exit absolute total pressure as follows:

Y({ - P;:-: \ = (:nyf’\z )(_\_;fi) -1 (27)
Pa. %1
- hP—t:nf bo- Po\)( ;a2>
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Hence,

PDI-S foz
R Cl G-V, \’n

K +*a{'-<-z-:-xz~z%

(28)

or

(g for = g o +4;. f’»») ("JK - 9[‘% (- fé:)}} (28a)

The three pressure ratios occurring on the right-hand side of Equation
28a can all be expressed in terms of velocity and the total temperature.

Thus,

, >
fozs = Y_ |+ _‘i;.:_fiif ]*"" )
Poli QSDT c\p-r;; ( 9)

on
~

X
= [—I + %L(“x‘QVuQ ¥- (30)
23. TCP Ton

—U

o2

and the appropriate expression for 2 /f;z can be obtained from Equa-
tion 23.

The coefficients for Equation 19 can therefore be obtained from
the differentiation with respect to ¥ of Equation 28a. The actual ex-
pression for the coefficients are presented as part of the step-by-step

calculation given in Appendix 111,

The Velocity Components Equation

The third differential equation (Equation 20) required for the
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flow field solution is either derived from Equation 3 or obtained directly
from the selected design specifications.

At the first stator inlet design station or at any stator exit where
the absolute flow angle is specified, the coefficients of Equation 20 are

obtained from the differentiation of Equation 3 which yields the following:

_ taw A 0.,5/; dVo & oqu = Ve &;,&_((wsﬂ &m/ﬁ (31)

Although the C3g5 coefficient can be evaluated directly, the
differential of the product ol(wSﬁ (“CM/s) o:sF) OZ_ a‘?,!wﬁ(ﬂl) is
used in the actual solutlon.

For the optional specification of the stator exit flow condition,
the specification of the gradient of meridional velocity as a function of

radius is used directly to provide the coefficients of Equation 20. Thus,

O(—_l/'vx\l = d_\lm,('r) (32)
G On

Similarly, at a stage exit, when the gradient of meridional ve-
locity is specified, G3y = 1.0, C3z2= C33 = Cap = O , and Cyg¢ = E_l_vmz("‘).

The solution of a stage exit flow field when radially ég;stant
work extraction is specified can be considered as a special case. Rather
than to derive a velocity components equation, Equation 20 is obtained
directly from the fact that the stage exit total temperature distribution
is known directly from the stator exit total temperature distribution and

the stage power output. Hence, the third differential equation becomes

Tz(’f é_(( -ro;) = Cl (TQ'&(")) (33)
oxt) 2L

Ny

Since the total temperature is specified at the first stator
inlet and there is no change of total temperature along streamlines from

any stator inlet to exit in the absence of mixing or the addition of
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coolant, for the first stator inlet and each stator exit station a ''no-
work'' rather than the work equation is used to obtain the fourth differ-

ential equation. Thus, the forms of Equation 21 are as follows:

ch,(#‘) gl_((n;)Tn.,) = é.__ Tﬁc(*) (34)
v e

and
T (o (6:To) = 4 Tols)
)E\} B ) o (35)

For stage exit design stations the differentiation of Equation 12 yields:

— uz . AVWI + E"i<(‘9-r;;_) = d‘:':fi -,L__ﬁ'u,d_v_m.'.-ﬂ(\/m- ug} (36)
5c§7C¥ 'EZ;- Lo, de ﬂ(’i} dhr
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INPUT_DATA

Description of Input Data

The physical input data used by Program TD2 can be divided into
three categories: input options, general design requirements, and spool
design requirements and analysis variables. Input data in the first two
categories are specified once for each turbine as a unit. Input data in
the latter category are specified for each spool of the turbine, if there
is more than one spool, or for each set of analysis variables to be con-
sidered.

The information required to prepare the input data for a typical
case is furnished below. This information contains a description of each
input item as well as a description of the form in which these items are
written on input data sheets. It should be noted that the units of the
input items are not consistent but, rather, are those units which have
found common usage. The units of each input item are included in the
description of the item.

The first group of input items read by Program TD2 consists of
description of the case and the general input options. These items, which
appear in the following table, are read into the program using F@RMAT
statements. The case description given on the first card is read as an
alphanumeric field; any combination of numbers, capital letters, punctua-
tions, or blanks may be used. The general input options are read as inte-

ger fields; these numbers may never contain a decimal point.

Fortran
Line Location Symbol Description
1 1-72 CAMENT A statement describing the case

to be considered; this may not
be omitted but may be left blank

2 12 1SPEC Indicator:
ISPEC=0 if values of total-
pressure-loss coefficient as
a function of radius are
specified at each blade row
exit
ISPEC=1 if streamline values of
total-pressure-loss coefficient
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Line Location

30

36

L2

L8

Fortran

Szmbol

IcggL

IMIX

1STRAC

IDLETE

26

Description

are calculated from the inter-
nal correlation without an ad-
ditional loss factor at each
blade row exit

I1SPEC=2 if streamline values of
total-pressure-loss coefficient
are calculated from the internal
correlation with an additional
loss factor at each blade row
exit

Indicator:

IC#AL=0 if a coolant schedule
is not specified in the input
data

1CAPL=1 if a coolant mass flow
schedule is specified in the
input data

ICPPL=2 if a coolant mass flow
and total-temperature schedule
are specified in the input data

Indicator:

IMIX=0 if a mixing schedule is

not specified in the input data
IMIX=1 if a mixing schedule is

specified in the input data

Indicator:

ISTRAC=0 if the streamline an-
gles of inclination and curva-
tures are calculated internally
at each design station

ISTRAC=1 if values of stream-
line angle of incliination and
curvature as a function of
radius are specified at each
design station

Indicator:

IDLETE=0 if only the converged
results of the iteration loop
on streamline position are to
be printed at each design sta-
tion

IDLETE=1 if the results of each
pass through the iteration loop
on streamline position are to
be printed at each design sta-
tion



Fortran

Line Location Symbol Description
54 1 EXTRA Indicator:

IEXTRA=0 if the results of the
passes through the iteration
loop on meridional velocity at
the mean streamline are pot to
be printed

|EXTRA=]1 if the results of the
passes through the iteration
loop on meridional velocity at
the mean streamline are to be
printed when the resulits of a
pass through the iteration loop
on streamline position are to
be printed

The remaining input items are read into Program TD2 using NAMELIST
statements. Input data referring to a NAMELIST statement begins with a §
in the second location on a new line, immediately followed by the NAMELIST
name, immediately followed by one or more blank characters. Any combina-
tion of three types of data items may then follow. The data items must
be separated by commas. |[|f more than one line is needed for the input
data, the last item on each line, except the last line, must be a number
followed by a comma. The first location on each line should always be
left blank since it is ignored. The end of a group of data items is
signaled by a $§ anywhere except in the first location of a line. The

form that data items may take is:

1. Vvariable name = constant, where the variable name may be an
array element or a simple variable name. Subscripts must
be integer constants.

2. Array name = set of constants separated by commas where k¥
constant may be used to represent k consecutive values of a
constant. The number of constants must be equal to the num-
ber of elements in the array.

3. Subscripted variable = set of constants separated by commas
where, again, k* constant may be used to represent k consecu-
tive values of a constant. This results in the set of con-
stants being placed in consecutive array elements, starting

with the element designated by the subscripted variable.

27



the general design requirements.

Fortran

Symbol
NSP@GL

NAV

NLINES

GASC
FLWM

NLT

(RLT(J),
J=1,NLT)

(ToLT (),
J=1,NLT)

(POLT(J),
J=1,NLT)

(BETLT (J),
J=1,NLT)

The namelist NAMI

InEut

| tem

43

R

(“J;>EJ&Y

4 7

N

(7o) et
(R) et

ot

is used to read the input items which include

The items in NAM1 are as follows:

Description

Number of spools of the turbine
being considered; 1, 2, or 3
spools are allowed

Number of sets of analysis vari-
ables; any number is allowed if
NSP@@L=1, but only one set of
analysis variables is allowed if
NSPBBL > 1 and NAV need not be
specified

Number of streamlines to be used
in the calculations (including
the hub and casing streamlines);
any odd number from 3 to 17 is
allowed but 9 is recommended

Gas constant of the working fluid,
ft 1bf per 1bm deg R

Mass flow rate at the inlet of
the turbine, lbm per sec

Number of radii at which the in-
let conditions of the turbine are
specified; any number from | to
17 is allowed

Radial coordinates at which the
inlet conditions of the turbine
are specified, in; the values of
RLT must be monotonicaily in-
creasing

Values of the absolute total
temperature at the inlet of the
turbine corresponding to the
radial coordinates RLT, deg R

Values of the absolute total
pressure at the inlet of the
turbine corresponding to the ra-
dial coordinates RLT, psi

Values of the absolute flow angle
at the inlet of the turbine cor-

responding to the radial coordi-

nates RLT, deg

The namelist NAM2 is used to read the input items for a spool,



inciuding the spool design requirements and the spool analysis variables.
Each spool of the turbine, or each set of analysis variables is specified

in separate namelist groups. The items in NAM2 are as follows:

Fortran Input

Symbol [ tem Description

RPM L Rotative speed of the spool, rpm

HP % Power output of the spool, hp

NSTG Number of stages on the spool;
any number from 1 to 8 is al-
lowed

(FHP (1), f;‘i Power output of each stage of the

1=1,NSTG) spool, expressed as a fraction of
the total power output of the
spool

(cr(1), <%> Specific heat at constant pres-
I=1,NDSTAT) sure of the working fluid at each
design station of the spool (where
NDSTAT=2#NSTG+1), Btu per lbm
deg R

1f ISTRAC=1, the following three items should be omitted.

fal8

(XSTAT (1), i Axial coordinate of each station
I=1,NSTAT) of the spool (where NSTAT=2%
NSTG+3), in

(RANN(1,1), ’rka Radial coordinate of the hub at
I=1,NSTAT) each station of the spool, in
(RANN(1,2), ~ . Radial coordinate of the casing
I=1,NSTAT) Cx at each station of the spool,

in

If ISTRAC=0, the following six items should be omitted.

(RANN(1,1), - Radial coordinate of the hub at

1=1,NDSTAT) ha each design station of the spool,
in

(RANN(1,2), Tex Radial coordinate of the casing

1 . .

1=1,NDSTAT) at each design station of the
spool, in

NSTRAC Number of radii at which stream-
line angles of inclination and
curvatures are specified at each
design station of the spool; any
number from 1 to 17 is allowed

((RSTRAC (J,1), ~ Radial coordinates at which stream-

J=1,NSTRAC), * line angles of inclination and

1=1,NDSTAT)
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Fortran lnEut

Symbol | tem
((ASTR(J, 1), Az
J=1,NSTRAC),
I=1,NDSTAT)

((CSTR(J,1), (54%4)i

J=1,NSTRAC) ,
=1 ,NDSTAT

(FLWCN(1) w.
I=1,NBR) <

(Tec (1), (];;)i

I=1,NBR)

((XMIX(J,1),

J=1,NLINES), AW
I=1,NBR) (x“SJ

NXT

(twrL (1),
I=1,NSTG)

30

Description

curvatures are specified at each
design station of the spool, in;
the values of RSTRAC at each de-
sign station must be monotonically
increasing

Values of the streamline angle of
inclination at each design sta-
tion of the spool corresponding
to the radial coordinates RSTRAC,
deg

Values of the streamline curva-
ture at each design station of the
spool corresponding to the radial
coordinates RSTRAC, per in

Mass flow of the coolant added

in each blade row of the spool
(where NBR=2*NSTG), expressed as
a fraction of the inlet mass flow
of the turbine; this item should
be omitted if 1C@HAL=0

Absolute total temperature of
the coolant added in each blade
row of the spool, deg R; this
item should be omitted if
ICEAL=0 or 1

Streamline values of the mixing
coefficient fgor each blade row
of the spool; this item should
be omitted if IMIX=0

Number of radii at which the exit
conditions of each blade row of
the spool are specified; any num-
ber from 1 to 17 is allowed

Indicator:
IWRL(1)=0 if values of the de-
rivative of meridional velocity
with respect to radius, per sec,
are specified as a function of
radius at a stator exit of the
spool
IWRL(1)=1 if values of flow
angle, deg, are specified as a
function of radius at a stator
exit of the spool and the sub-
sonic solution is desired



TSt

Description

IWRL(1)=2 if values of flow
angle, deg, are specified as a
function of radius at a stator
exit of the spool and the su-
personic solution is desired

Radial coordinates at which the
exit conditions of each stator
of the spool are specified, in;
the values of RNXT at each sta-
tor exit must be monotonically
increasing

The following two items should be given for each stage

Values of whirl velocity, fps,
at the mean streamline

Values of the derivative of
meridional velocity with re~
spect to radius, per sec, at a
stator exit of the spool corres-
ponding to the radial coordi-
nates RNXT

The following item should be given for each of the

Values of flow angle, deg, at

a stator exit of the spool cor-
responding to the radial coor-
dinates RNXT

Indicator:

Fortran InEut
Symbol | tem
((RNXT(J,1), o
J=1,NXT),
I=1,NSTG)

for which IWRL{(1)=0.
(vuM(1), , )
1=1,NSTG) CV““ m
((DVMDR (J, 251 -1), AN
J=1,NXT), T
I=1,NSTG)

remaining stages for which IWRL(1)=1 or 2.
((WRL(J,1),
J=1,NXT), /3
I=1,NSTG)
(1PgF (1),
I=1,NSTG)

IPBF(1)=0 if a uniform power
output distribution is desired
at a stage exit of the spool
IPBF(1)=1 if a gradient of
meridional velocity will be
specified at a stage exit of
the spool

If IPBF(1)=0, the following item should be omitted.

((DVMDR (J, 2%1),
J=1,NXT),
I=1,NSTG)

o Yo
At

31

Values of the derivative of
meridional velocity with re-
spect to radius, per sec, at a
stage exit of the spool corres-
ponding to the radial coordinates
RSXT




Fortran Input
Symbol {tem Description

If 1PEF(1)=0 and ISPEC=1, the following item should
be omitted.

((RSXT(J,1), Ay Radial coordinates at which the
J=1,NXT), exit conditions of each stage of
=],NSTG) the spool are specified; the

values of RXST at each stage exit
must be monotonically increasing

If ISPEC=1, the following two items should be omitted.

((Y@8sS(J,2%1-1), Values of the loss coefficient (if
J=1,NXT), ISPEC=0) or an additional loss
{=1,NSTG) factor (if ISPEC=2) at each sta-

tor exit of the spool correspond-
ing to the radial coordinates RNXT

((vy@ss (J,251), Values of the quantity indicated
J=1,NXT), by IL#SS (if ISPEC=0) or an addi-
1=1,NSTG) tional loss factor (if ISPEC=2)

at each stage exit of the spool
corresponding to the radial co-
ordinates RSXT

If ISPEC=0, the following item should be omitted.

(Ycan(t), o Value of the nine constants which
1=1,9) define the internal loss corre-
lation

This completes the input data for a single spool, one spool of a
multispool design, or one set of analysis variables. For each new case
the complete input specification from '""line 1'", the comment card, will be
required. For additional spools or sets of analysis variables, the input
specification returns to the beginning of the NAM2 namelist. When more
than one set of analysis variables is used, any quantity which is not ex-

plicitly reset will remain unchanged from the value previously specified.

Discussion of lnput Data

The following point-by-point discussion of the input data con-
tains suggestions for the most efficient use of Program TD2. The items
are discussed in the same order as they appear in the Detailed Descrip-
tion of lnput Data. |In several instances, reference is made to a pre-
liminary design calculation. These calculations should be performed

before the preparation of any input data for a new design. A typical
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input data sheet is shown later in the report in the appendix devoted to

the sample case. |Input items which differ from those used by Program TD

have been indicated by an asterisk.

Case Description and General Input Options

ISPEC - It will be noted that several locations on the input
options card have purposely been left blank. This allows
the program to use the same indicator locations as Program
TD, thereby increasing input compatibility between the two
programs. The additional loss factor (ISPEC=2) should be
used to increase the over-all loss level when excessive
losses due to tip clearance, trailing edge thickness, low
aspect ratio, and so forth, are expected.

ICABL - A preliminary design calculation should be made to
determine if the use of a coolant is required. The gross
effects of the coolant mass flow and the temperature of

the coolant are included in the analysis to increase the
validity of the solution.

IMIX - The specification of a mixing schedule may be used
when the assumption of totally unmixed stream-filament

flow appears unrealistic. Experimental data are required

in this area.

ISTRAC - Streamline angles of inclination and curvature
should be calculated internally to reduce the input data
requirements unless better information is available or sim-
ple radial equilibrium is to be considered.

IDLETE - In the initial phases of a design, IDLETE=] should
be used to obtain as much information as possible. As a
design is refined, IDLETE=0 will usually provide sufficient
information.*
IEXTRA - In almost all cases, IEXTRA should have the same

value as IDLETE.

* Andditional

output is described in the following chapter.
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12.

General Input Data

NSPEBL - The initial phases of a design should probably
consider the turbine as a unit. However, as noted previ-
ously, NSP@@L=1 is required if a number of sets of analysis
variables is to be investigated.

NLINES - Since the accuracy of the calculations should im-
prove as the number of streamlines is increased, a large
number of streamlines should be used if substantial radial
gradients are specified in the input data and a small number
of streamlines should be used if minimal radial gradients
are specified.

NLT - Set NLT=1 if the turbine inlet conditions do not vary
with radius. |If the inlet conditions are the output of a
previous run, NLT should be set equal to number of stream-
lines used in that output. Otherwise, NLT should increase
as the magnitude of the radial gradients increases.

RLT - If NLT=1, any value for RLT will suffice. |If the inlet
conditions are the output of a previous run, RLT shouid be
specified to be the streamline radial coordinates (proceed-
ing from the hub to the casing) of that output. Otherwise,
the first value of RLT should be the hub radius, the last
value should be the casing radius, and apEroximately evenly
spaced values should be specified for the interior points.
TPLT, PBLT, BETLT - Design requirements corresponding to the
radial positions RLT. [t should be noted that only the sub-

sonic solution for the values of BETLT can be obtained.

Spool Input Data

NSTG, FHP = The number of stages of a spool should be se-
lected on the basis of mean stage loading factor. A first
approximation to the power split among the stages should be
based on rotor root loading factors.

CP - The design station values of specific heat should be

based upon the static temperatures obtained from the
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14.

15.

16.

19.

20,

2]1.

preliminary design calculation. These values can be refined
if necessary on subsequent runs.

XSTAT - The axial spacing between design stations should be
selected to be representative of the anticipated final de-
sign standard in terms of annulus angles of inclination

and curvatures.

RANN - Hub and casing radii should be selected to insure

. that:

a. The Mach number at the inlet and exit of the spool
is reasonable.
b. The hub-tip ratios are mechanically acceptable.
c. In conjunction with the values of XSTAT, that the
geometry of the annulus walls is satisfactory.

NSTRAC - The same general comments concerning NLT apply to
the number of radial positions at which streamline angles
of inclination and curvatures are specified at each design
station. ‘
RSTRAC - Again, the same general comments concerning RLT ap-
ply to RSTRAC.
ASTR, CSTR - The values of ASTR and CSTR should be set equal
to zero if simple radial equilibrium is to be considered.
FLWCN, TBC - The amount of coolant added in each blade row
and the coolant temperature should be specified with suffi-
cient accuracy to insure a valid analysis. The coolant tem-
perature should be that at the source of the coolant.
XMIX - The values of XMIX for a blade row should be set
equal to zero if no mixing is to be considered or equal to
1 if complete mixing of the absolute total pressure and
temperature is desired.
NXT - The same general comments concerning NLT apply to the

number of radial positions at which blade exit conditions

are specified.

35



*22.

26.

27,

28.

IWRL - Since it may be desirable to specify both flow angle
distribution and meridional velocity gradients for the vari-
ous stators of a spool, the former indicator IWRL has been
made an analysis variable. The analvsis variable IS@NIC

of Program TD thus becomes redundant and has been deleted.
RNXT - The same general comments concerning RLT apply to
RNXT.

VUM - Stator exit tangential velocity at the mean stream-
line should be chosen on the basis of desired stage mean
reaction for each stator in which the option of specifying
gradients of meridional velocity is exercised. It should
be omitted for stages in which flow angle distributions

are supplied.

DVMDR - Note that the second index associated with the me-
ridional velocity gradient is the blade row index, as with
Y@#SS. A free-vortex design can, of course, be obtained by
simply specifying DVMDR=0. Although radii are input in
inches, there is no advantage in this approach with DVMDR.
Thus, DVMDR=1200 implies an increase of 100 fps in Vea for
each inch increase in radius.

WRL - Specification of the radial distribution of flow angle
is recommended for final design analyses, since the resulting
blade designs will be more easily manufactured than those
based on arbitrary meridional velocity distributions.

IPBF - The option of radially constant work output (IP@F=0)
has been retained for compatibility, as with IWRL=1 or 2.
When IP@gF=1, the program calculates the radial work output
distribution which yields the desired stage exit meridional
velocity distribution.

YBSS - For the preliminary assessment of a design or the
assessment of loss level variations, a constant value for a
blade exit is recommended. Otherwise, test data should be

used to obtain the loss parameter variation.
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29-

30.

RSXT - The same general comments concerning RLT apply to
RSXT. Note that RSXT must be specified whenever rotor exit
meridional velocity gradients, total-pressure-loss coeffi-
cients, or additional loss factors are specified.

YC@N - The correlation developed in Reference 1 relates the
total-pressure-loss coefficient for any element of blading
to its inlet and exit relative flow angles and its reaction
defined as the ratio of inlet-to-exit velocity (V1-|/V~.‘ ).
The nine coefficients 4, to Gq are used in the following

correlation:

= {L‘{'@v\ﬁt\_‘l'%ﬂ\[q*ql{(v. a-’»ﬂ if VL')Q-S

Ciq_-o-qun t
V-t
Y fl&um bﬁJ[qe+Q7( ) ] if .Jﬂ<a3
Ay + qs’¢ﬁ731 Va

Y:‘-Qq

where ﬁ_ is the additional loss factor. In the absence of
total-pressure~loss coefficient data which could bq con-
sidered more relevant to a particular design analysis, it

is recommended that the following values of the nine coeffi-

cients should be used:

&\, = 0.055
@A = 0.15
Gz = 0.6
@y = 0.6
a¢ = 0.8
ag = 0.03
Q; = 0.157255
ag = 3.6
qﬁ = 1.0
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DESCRIPTION OF NORMAL OUTPUT

The output of Program TD2 consists entirely of printed data.

Reference to the section containing the computer output from the sample

case will show that all the quantities listed are fully described. The

information included in the normal output can be divided into the follow=

ing categories:

1.
2.
3.

10.
1.

General input data.

Spool input data.

Values of selected flow and performance parameters obtained
from each pass through the iteration loop to satisfy conti-
nuity at a design station (if IEXTRA=1).

Tabulated streamline values of flow and performance parame-
ters which satisfy continuity obtained from each pass through
the iteration loop on streamline position at a design sta-
tion (if IDLETE=1).

Tabulated streamline values of the flow parameters obtained
from the converged pass at a design station.

Tabulated streamline values of the mixed and/or cooled flow
parameters for a blade row (if IMIX=1 or IC@@L=2).

Tabulated streamline values of the performance parameters of
the stator and rotor blade rows.

Mass averaged performance parameters for a stage.

Tabulated mass averaged performance parameters for each
stage of a spool (if NSTG > 1).

Mass averaged performance parameters for a spool.

Mass averaged performance parameters for the turbine (if

NSP@AL > 1).

A description of the items in each category is given below.

The normal output of a typical case begins with the statement

describing the case, immediately followed by the items in category 1 =

general input data. (If there is more than one set of analysis variables,

the output for each set of analysis variables is treated as if it were a

new case.)

The general input data consists of:
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1. Number of spools.
. Number of sets of analysis variables (if NSP@@L=1).

Number of streamlines.

Gas constant, 1b7 ft per 1bm deg R.

Mass flow at the turbine inlet, 1bm per sec.

o U1 B W N

. Tabulated values of absolute total temperature, deg R, abso-
lute total pressure, psi, and absolute flow angle, deg, ver=-
sus radial position, in, at the turbine inlet.

The normal output of a typical case continues with the items in
category 2 - spool input data. The spool input data consists of:

1. Rotative speed, rpm.
Power output, hp.

Number of stages.

= ow N

Tabulated power output split among the stages of the spool,

expressed as fractions of the power output of the spool.

5. Tabulated design station values of the specific heat at con-
stant pressure, Btu per 1bm deg R.

6. Tabulated station values of axial position, in, hub radius,
in, and casing radius, in (if ISTRAC=0).

7. Tabulated design station values of hub radius, in, and casing
radius, in (if I1STRAC=1).

8. Tabulated values of streamline angle of inclination, deg,
and curvature, per in, versus radial position, in, at each
design station of the spool (if ISTRAC=1).

9. Tabulated blade row values of coolant mass flow, expressed
as fractions of the mass flow at the turbine inlet (if
IC#PL=1 or 2) and coolant total temperature, deg R (if
IcAgL=2).

10. Tabulated streamline values of the mixing coefficient for
each blade row of the spool (if IMIX=1).

11. Tabulated values of the exit conditions for each blade row

of the spool. For stators, one exit condition consists of

values of either meridional velocity gradient, per sec, and

meanline whirl velocity, fps (if IWRL=0) or flow angle,
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deg (if IWRL=1 or 2) versus radial position, in. For rotors,
the corresponding exit condition is either a choice of ra-
dially constant work output (if IP@F=0) or values of the
meridional velocity gradient versus radius. |If ISPEC=1,
there are no other exit conditions. However, if ISPEC=0

or 2, the other exit condition for both stators and rotors

is values of either total=-pressure-loss coefficient or ad-
ditional loss factor, respectively, versus radial position,
in.

12. If the total-pressure-loss coefficients are internally com-
puted (ISPEC=1 or 2) the loss correlation is defined with
the input values of the nine correlation coefficients ap-
propriately inserted.

The results of the spool calculations appear next in the normal
output for a typical case, beginning with the first design station of the
spool. (If the spool is not the first spool of the turbine, the results
shown for the first design station are taken from the converged results
at the exit of the previous spool.) If IDLETE=]1, results are shown for
each pass through the iteration loop on streamline position whereas if
IDLETE=0, results are shown for only the converged values of streamline
position. In either case, if |EXTRA=1, the results begin with the items
in category 3 - selected flow and performance parameters - for each pass
through the iteration loop to satisfy continuity. The selected flow and
performance parameters consist of:

1. Meridional velocity at the mean streamline, fps.

2. Calculated value of the mass flow, lbm per sec.

3. Tabulated streamline values of meridional velocity, fps,
tangential velocity fps, absolute total pressure, psi,
and, if the design station is a blade row exit and ISPEC=]
or 2, pressure-loss coefficient.

The items in category 4 - flow and performance parameters which
satisfy continuity - complete the output for each pass through the itera-
tion loop on streamline position. These flow and performance parameters

consist of:
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l. Tabulated streamline values of radial position, in, mass
flow function, 1bm per sec, meridional velocity, fps, axial
velocity, fps, tangential velocity, fps, absolute velocity,
fps, absolute Mach number, absolute total pressure, psi, ab-
solute total temperature, deg R, absolute flow angle, deg,
static pressure, psi, and static temperature, deqg R, for
the design station.

2. Tabulated streamline values of streamline angle of inclina-
tion, deg, and curvature, per in, if the design station is
the turbine inlet.

3. Tabulated streamline values of pressure-loss coefficient,
blade row efficiency, blade velocity, fps, relative velocity,
fps, relative Mach number, relative total pressure, psi,
relative total temperature, deg R, and relative flow angle,
deg, if the design station is a blade row exit.

The items in category 5 - flow parameters - complete the output
of the converged pass at a design station. These flow parameters consist
of the same items as in category 4 with the exception that streamline angle
of inclination, deg, and curvature, per in, replace pressure-loss coeffi-
cient and blade row efficiency in item 3.

If either IMIX=1 or IC@PL=2, the items in category 6 - mixed and/
or cooled flow parameters - follow the output of each design station except
the spool exit. The mixed and/or cooled flow parameters consist of:

1. Tabulated streamline values of mixed and/or cooled absolute

total pressure, psi, and absolute total temperature, degq R,
in the blade row.

2. Tabulated streamline values of mixed and/or cooled relative
total pressure, psi, and relative total temperature, deg R,
if the blade row is a stator.

I1f the design station is a stage exit, the design station output
of a typical case continues with the items in category 7 - stage perfor-
mance parameters. The stage performance parameters consist of tabulated
streamline values of: stator reaction, rotor reaction, stator pressure-

loss coefficient, rotor pressure~loss coefficient, stator blade row

41



efficiency, rotor blade row efficiency, rotor isentropic efficiency, and
stage isentropic efficiency.

The stage performance output continues with the items in cate-
gory 8 - mass averaged stage performance parameters. The mass averaged
performance parameters consist of:

1. Stator blade row efficiency.

2. Rotor blade row efficiency.

3. Stage work output, Btu per lbm.

L, Stage total efficiency.

5 Stage static efficiency.

6. Stage blade-to-jet speed ratio.

If the design station is the spool exit, the normal output of a
typical case continues with spool performance summary. If the spool has
more than one stage, the spool! performance summary begins with the items
in category 9 ~ tabulated stage values of the mass averaged performance
parameters. These tabulated values consist of the same items as in cate-
gory 8.

The spool performance summary continues with the items in cate-
gory 10 - mass averaged spool performance parameters. These mass averaged
performance parameters consist of:

1. Spool work output, Btu per 1bm.

2 Spool power output, hp.

3. Spool total-to-total pressure ratio.

L, Spool total-to-static pressure ratio.

5. Spool total efficiency.

6. Spool static efficiency.

7. Spool blade-to-jet speed ratio.

If the design station is the turbine exit and there is more than
one spool, the normal output of a typical case concludes with the items in
category 11 - mass averaged turbine performance parameters. These mass
averaged performance parameters consist of:

i. Over-all work output, Btu per 1bm.

2. Over=-all total-to-total pressure ratio.

3. Over-all total-to-static pressure ratio.
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L, oOver-all total efficiency.
5. Over-all static efficiency.

6. Over-all blade-to-jet speed ratio.
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ERROR MESSAGES

In addition to the normal output, various messages may appear
in the output. These messages occur when difficulty has been encountered
in the caliculation. Each of the four messages are considered in turn.

All are outputs from the main program.

In all cases, some output data will be provided with the message.
This output can be used as a basis for the modification of the input speci-
fications. |In general, errors in input data will be immediately obvious
if a preliminary design calculation has been performed before the input
was prepared.

1. CALCULATI@N ABANDONED @#N PASS __ BECAUSE @F INSTABILITY

IN MEANLINE MERIDI@NAL VEL@CITY ITERATION DUE T@ CH@KED
CANDITI@NS.

As the program attempts to find a meanline meridional velocity
which will satisfy the specified mass flow requirement, the variation of
mass flow with meanline velocity is assessed by Subroutine VMSUB2. |If
the slope of the flow versus velocity characteristic changes sign more
than four times the calculations are aborted. Normally, the reason for
these sign changes is that the specified mass flow exceeds the choked
value. Following the message, conditions from the final pass through the
continuity loop are printed.

Choking will occur whenever the mass averaged flow parameter,
defined as *Ud;;/éiA , exceeds the critical value. There are there-
fore four possible remedies, listed here in order of decreasing importance.

a. Increase the available flow area, by modifying either

(1) the annulus dimensions
or (2) the average flow angle.

b. Increase the design station total pressure by improving the

efficiency level of the row or reducing rotor work output.

c. Reduce the specified inlet mass flow and/or the coolant

flows entering upstream of the choked row.

d. Reduce the total temperature.
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2. ITERATI@N F@R THE MERIDI@NAL VEL@CITY AT THE MEAN STREAM-
LINE HAS N@T C@NVERGED WHEN ILﬂ¢P=_____.

A limit of thirty-five iterations is placed on the continuity
loop by step 47 in the calculation procedure (Appendix IIl). |If the mass
flow has not converged to the required value within the preset tolerance,
the results from the thirty-fifth loop are printed and the case is aborted.
The convergence procedure is such that if any design station has not con-
verged within thirty-five loops, the probability of the design being aero-
dynamically acceptable is remote.

Since message ! will normally appear in such a case, full out-
put will be necessary to determine why convergence has failed without chok-
ing being indicated. Remedial action should be based on the results of
this analysis; in particular, the flow and velocity tolerances, T@LFLW
and TBLVM, should be reviewed.

3. EQUATI@NS ARE SINGULAR WHEN VMM=____ , IL@@P=__ _ , AND

ILL@gP=

This message (controlled by Subroutine SIMEQ) indicates that
radial equilibrium could not be established at some radial position within
the annulus, because the four simultaneous equations which must be solved
for the gradients of the principal unknowns are not independent. Ap-
pearance of this message is highly improbable, since such an interde-
pendence would be a numerical coincidence. Results from the loop in
which the error was detected are printed, and the remainder of the case
is aborted.

L. ITERATI@N F@R STREAMLINE P@SITI@NS, PRESSURE-L@#SS COEFFI-

CIENTS, @R STAGE W@RK @UTPUT HAS N@T C@NVERGED.

The number of loops on streamline position, streamline values
of total-pressure-loss coefficient, and streamline values of total tem~
perature drop is limited to twenty-five. |f any one of these quantities
has not converged to within the preset tolerance by this pass, the results
are printed. The program is, however, allowed to proceed to the next
design station if one exists. For designs in which the meridional ve-
locity distributions are not extreme, it is extremely unlikely that the

streamline positions will fail to converge. Moreover, the loss coefficient
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and power output iterations have converged rapidly in all cases investi-
gated so far. However, the error message is provided to guard against the
possibility that one or more of these quantities are oscillating about the
converged value but just outside the tolerance.

It is possible that the streamline position iteration may fail
to converge when the secondary option of constant work output at a rotor
exit is chosen. When this occurs, the case should be rerun employing the
primary option of specifying radial gradients of meridional velocity.

The loss iteration convergence behavior is dependent on both
the specific correlation chosen and the damping factor employed by Sub-
routine L@SCHR. The values of the input constants to the correlation
should accordingly be checked, particularly for continuity at the change
point of the reaction term. The damping factor (FY) is currently set at
zero; higher values will, of course, slow the convergence and should there-

fore be used only as needed.
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MISCELLANEOUS OPERATIONAL INFORMATION

Program TD2 requires approximately 16,000 storage locations for
execution on a CDC 6600 computer system. Of this total, approximately
LO00 locations are reserved for the operating system and library subrou-
tines. An additional 4000 locations are used during program loading.

Typical running time for the program using the CDC 6600 system
is 4 seconds per single stage, including input-output operations. |If
full output is obtained for the case, the running time increases to about
5 seconds. Using an IBM 70L44/9L4 directly coupled system, the running
time for a multistage analysis with standard output is approximately 9
seconds per stage. These figures can vary in either direction by a fac-
tor of two or three, depending on the total number of stages involved and
the ease with which the solutions are obtained.

Adoption of the simultaneous Runge-Kutta integration appears to
have eliminated the occasional inaccuracies in static pressure distribu-
tions produced by the prior program. For a relatively conventional de-
sign at a moderate value of hub-to-tip radius ratio, sufficient accuracy
can be obtained with as few as five streamlines. However, a nine stream-
line analysis is generally recommended. |If the accuracy of the solution
is in question at any time it is suggested that a larger number of stream-
lines be specified to check over-all accuracy.

The convergence procedures for satisfying the design mass flow
and the location of the streamlines to define stream filaments of equal
flow have been found to be adequate with the maximum number of loops
specified within the program. The power output and loss correlation
iterations, which are made simultaneously with streamline position it-

eration, do not appear to affect the convergence of the latter.
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SAMPLE CASE

Introduction

The selected example to illustrate the use of the program is for
a two-spool design requirement which could not be completed using the
original version of the program. The design has two hp stages and five
Ip stages. The second sample case of Reference 2 is a design analysis for
the hp spool! and the first three stages of the Ip shaft; at this stage in
the original design analysis the radial variation of axial velocity had de-
generated to a point that excliuded a converged solution for the flow field
at subsequent design stations. Various attempts to use the original de-
sign analysis variable to obtain a complete design for the entire lp spool
proved unsuccessful. The failure of the original program to complete this
and similar designs led to the revision of the analysis procedure. Thus,
the sample case in addition to illustrating the input and output of the
new program, serves to justify the changes in the design analysis vari-
ables. Input data sheets and the computer printout for the sample case
are given in Appendix |; a stage-by-stage tabulation of the specified de-

sign requirement forms the initial portion of this printout.

Discussion of the Sample Case

The actual design requirements, the selection of the annulus
geometry, and the power output split between stages are of relatively
little importance in the context of a demonstration of the capabilities
of the computer program. Similarly, the predicted performance of the in-
dividual stages, the two spools, and the over-all turbine are of second-
ary importance. For the analysis, the coefficients defining the correla-
tion of total-pressure-loss coefficient differ in some instances from the
recommended values given in Reference 2. These coefficients were made
equal to those assumed in the original sample case for this turbine de-
sign so that reasonably valid comparisons can be made between the results
of the two versions of the turbine design program. A nonstandard corre-
lation had been used with the original version of the program to limit

the level of loss coefficients near the rotor blade hub sections in an
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attempt to complete the design-point analysis for all five stages of the
1p shaft.

In the case of the hp stages, the option selected for the speci-
fication of the stator exit conditions is that in which a mean streamline
tangential velocity is given and the meridional velocity gradient is
specified to be radially constant at zero. Radially constant work ex-
traction is specified for the rotors. Of interest in the comparison be~
tween the first stator exit condition of the current sample case and
sample case 1l of Reference 2 is the fact that the elimination of a me-
ridional velocity difference of approximately 48 ft per sec between hub
and casing values where the mean streamline value was approximately 437
ft per sec has produced a tangential velocity distribution which is not
significantly different from the '"free-vortex'" distribution originally
specified. For the analysis using the original program, the specified
hub and casing values of first stator exit tangential velocity were 1425
and 1321 ft per sec, respectively; in the present case the computed tan-
gential velocities are 1431 and 1318 ft per sec, respectively. The fact
that relatively small changes in the specification of tangential velocity
distribution could produce large changes in the meridional velocity dis-
tribution at stator exit was, of course, the reason why the alternative
to specifying tangential velocity as a function of radius at stator exit
design stations was provided in the new program.

For rotor exit flow conditions in the hp stages, the radially
constant power output was specified to illustrate the simplest option.

A number of factors made it impossible to compare directly the results
from the original and current sample cases. However, one point of inter-
est is that the improved solution procedure has produced the expected de-
crease in static pressure from casing to hub at the first stage exit

where the meridional component of streamline curvature is zero. Although
the actual static pressure variation from hub to casing is extremely small,
the output from the original version of the program (see page 78 of Ref 2)
showed a small increase in static pressure with decreasing radius from

the mean streamline to the hub., It is reasonable to assume, therefore,

that the numerical accuracy of the forward-step procedure has been
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improved in the revised version of the computer program.

Results for the complete 1p spool have been obtained without
the specification of mixing. That is, a stream-filament solution is ob=~
tained without any redistribution of losses between streamtubes. The
specification of analysis variables consisted of stator exit tangential
velocities and meridional velocity gradients at stator and stage exit
design stations. The gradients were specified to be zero for a constant
meridional velocity solution at each design station. A review of the out-
put data will show that the computed flow angles, absolute and relative,
all show mechanically acceptable variations with radius.,

During the previous attempts to complete the 1p spool design,
considerable difficulty was experienced in estimating streamline values
of total temperature drop which would allow a valid solution of radial
equilibrium at rotor exit design stations even when full mixing of the
total-pressure profile was specified at each stage inlet. Since these
stages have near-zero exit swirl, the requirement of radial equilibrium
is for approximately constant static pressure across the annulus. Thus,
if the meridional velocity is also to be held fairly constant so as to
produce a mechanically acceptable design, it was necessary for the de-
signer to choose streamline values of Al, such that ATs z&I; did not
vary from hub to casing. This process proved quite difficult for designs
employing the internal performance correlation.

When the revised program is used, the streamline values of
total temperature drop are in effect automatically chosen by the program
in the course of satisfying radial equilibrium simultaneously with the
assumed row performance and the specified distribution of meridional ve-
locity. Examination of the output reveals that each of the rotors of
the 1p spool required increasing total temperature drop with radius. For
the five stages, casing values of AT, exceed those at the hubs by 6.5,
2.6, 3.7, 4.9, and 9.0 deg R, respectively. As would be expected, these
results exhibit generally increasing.radial variation of total tempera-
ture drop as the ratio of hub-to-tip losses increases. (The first stage
of the 1p spool must employ additional variable work to overcome the in-

let total-pressure profile generated by the constant work rotors of the
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hp spool.) Thus, local limiting loading near the inefficient hub sections
has been avoided by unloading these sections as required during the course

of the calculations.
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I.

CONCLUSIONS

A new computer program has been written to solve the basic equations
which govern the design~point performance of axial flow turbines. The
program retains most of the valuable features of the prior version,
allowing the turbine designer to take into account the effects of non-
uniform inlet conditions, coolant flows, interfilament mixing, and
station-to-station variation of specific heat. The optional specifi-
cation of stator exit flow conditions by the radial variation of tan-
gential velocity has been replaced by a single value of tangential
velocity at the mean streamline and the gradient of meridional ve-
locity as a function of radius. Similarly, the gradient of meridio-
nal velocity as a function of radius has been introduced as a design
analysis variable replacing the specification of a rotor work func-
tion for designs having a radial variation of work output.

The introduction of the new design analysis variables has produced a
greatly improved turbine design tool. Whereas the use of the replaced
specifications in conjunction with fully consistent total-pressure=-
loss coefficients frequently resulted in unacceptable meridional ve=
locity distributions or no solution for some applications, valid solu=-
tions have been obtained at the first attempt for every case investi-
gated to date in which the new analysis variables have been used.
Hence, preliminary comparisons of a family of related designs using
realistic assessments of blade element performance can be performed

rapidly and efficiently.
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NOMENCLATURE

The nomenclature for axisymmetric flow in an arbitrary turbine

annulus is illustrated in Figure 1.

clature is shown in Figure 2.

nomenclature.)

Symbol
A
A
oo
C
o

£.9
fl—

[alis]
Q

s 32 U4

4

=

e 4 AV Y

Description

Streamline angle of inclination
in the meridional plane

Annulus area
Constants in loss correlation
Coefficient

Specific heat at constant pres-
sure

Function or variable
Additional loss factor
Constant in Newton's law
Mechanical equivalent of heat
Streamline index

Mach number

Number of streamlines

Number of design stations on a
spool

Number of spools on the turbine
Power output

Static pressure

Total pressure

Gas constant

Reaction of a blade row

Radial position

Blade-to-jet speed ratio

Streamline curvature in the
meridional plane
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The turbine velocity triangle nomen-

(Figures 1 and 2 appear at the end of this

Units
deg, rad
th, |n2

ft 1bm per 1bf sec2
ft 1bf per Btu

hp, ft 1bf per sec
psf, psi

psf, psi

ft 1bf per 1bm deg R

ft, in



Symbol

X

P
Ju
Subscript
c
C

Description

Total-to-static pressure ratio
Total-to~total pressure ratio
Static temperature

Total temperature

Drop in total temperature

Blade velocity

Velocity

Meridional component of velocity
Tangential component of velocity
Axial component of velocity
Work output along a streamline

Coolant flow as fraction of inlet
flow

Total mass flow at a design
station

Mass flow function
Axial position
Independent variable
Mixing coefficient
Pressure~loss coefficient
Solution vector
Dependent variable
Flow angle
Ratio of specific heats
Blade row efficiency
Rotor isentropic efficiency
Stage isentropic efficiency
Static efficiency
Total efficiency
Density
Rotative speed
Description
Coolant

Casing streamline
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Units

fps
fps
fps
fps
Btu per 1bm

Ibm per sec

bm per sec

Ibm per cu ft

rpm, rad per sec



Subscript Description

ex Blade row exit
exd Turbine exit

h Hub streamline

1 Design station index

ﬂ Blade row index

Vv Stator, rotor, or stage index
v Spool index

Un Blade row inlet
st Turbine inlet
w\\qu First estimate

J Streamline index

k Index of the downstream design

station

m Mean streamline

N Nozzle

mn, Last streamline at a design

station

q{ Last design station of a spool
A New estimate

a&{ 01d estimate

oV Over=-all

a Rotor

s tsentropic

S Stage

T Total

) Hub or casing

o Stage inlet

I Stator exit/rotor

2 Stage exit inlet

Superscript Description
/ Relative value

4 Nondimensional value
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SuEerscriEt

—

»

Description

Mean or mass flow weighted value

Value which is modified if mixing
or cooling are specified
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FIGURE 1 - NOMENCLATURE FOR AXISYMMETRIC FLOW IN AN ARBITRARY TURBINE ANNULUS
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FIGURE 2 - TURBINE VELOCITY TRIANGLE NOMENCLATURE USED

IN THE STREAM-FILAMENT ANALYSIS
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APPENDIX |

INPUT DATA AND COMPUTER OUTPUT FOR
THE_SAMPLE CASE

The sample case presented on the following pages has been se-
lected to illustrate the operation of the revised input option of speci=-
fying gradients of meridional velocity at blade row exit design stations.
The data sheets from which the input cards were punched are presented
first, followed by the actual computer output for the case. This sample
design is intended only as an illustration of program capabilities and
does not necessarily represent a final design. Therefore, the meridional
velocity gradients have simply been set equal to zero for each row ex-
cept the rotors of the HP spool, where radially constant work output has

been specified.
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NORTHERN RESEARCH AND ENGINEERING CORPORATION
DATA INPUT SHEET

ENGINEER: FKL PROJECT: PROGRAM TD2 ___PROJECT NO* 1147
TITLE: SAMPLE CASE o SHEET: _1 OF 2
LOCATIQ!

] [ ] [k 41 ) IO}' 24188 !O-I'II tk OIJ“ 48|49 “lll e0|®| [ 11 )4 TR

NASA MJ[TISTAGE TWINSPBAL TURBINE WITHBUT MIXING
1 ] Y _ - B S 1
1 2 Q 0 0 0

1 1 i A . Y B A - 1
SNAMI

1 L 4 1 4 _ _ 4 4
NSP@@L=2 ,NL}JINES=9,GASC53.35,FLWM=1[11.9,NLT=1,

| i ] S | 1 . i 1
RLT(I)=14.5,T¢LT€])=2410.,PﬂHT(l)=3 2.4,EETLT(1 =0.0 § .
$NAM21 i 1 1 _ i 1
RPM=19800.,HP=245§0.,NSTG=2,ﬁHP(l)=.49,.5J,CP(1)=2*.2§8,2#.282,.275,
XSTAT(1)=0.p,1.5,3.0,4.5,6.0,7.5,9.D,

L L 1 1 ) _ i Y SN A )
RANN(T,1)=13.975,14.0,11.025, 14. 05,014,075, 14. 1,14, 14,

i 1 _ S i _ N O . e A _ 4. _.J
RANNEJ,2)=l+.85,15.],]5.35,15.60,15L85,16.],16.55, |

—_— — ! D W 1 1 _ Lo
FLWCN(1)=2%} 01698,.0160p,0.0,T@C (1) L1400, ,

| L —— 1 — Lv 1 A e L;.;—_A‘
NXT=1, RNXTK1,1)=14.69,| RNXT(1,2)=1k.96,

1 i Y R 1 _ - Lo _ | .
IWRL(1)=2*%0} vuM(1)=137p.7,1395.6, PVMDR(1,1)=0{0, DVMDR(1,8)=0.0,

1 el - S WS S— N i ]
YCON(1)=.04B,.0936,.5,1£0,0.0,.03,.[157255,3.6,2}0,

1 1 — — - | S S -
IPﬂF(1])=0’0 $ i I A L L
$NAM2

i 1 i _ | - i I S
RPM=L646. , HP=20110., NBFTG=5, FHP(1 =.1723,.1855,.1995,.2139,.228],

i ) S _ 1 _ 1 _ X -
CP(1)=2*.275,2*.223,2*. 71,2*;268,2w.265,;262, .

Fs L _ _ 1 L
XSTAT(1)=7.5,9.0,10.5,1p.0,13.5,15.9,16.5,18.0,]9.5,21.,22.%,24.,25.5,

1 1 1 _ 1 A N Y - .
RANN(1,1)=1f.075,14.1,1+.14,15.18,1+.22,15.26,1&.30,15.34,1@.38, .
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NORTHERN RESEARCH AND ENGINEERING CORPORATION

DATA INPUT SHEET

ENGINEER: FKL PROJECT: PROGRAM TD2 PROJECT NOv 1147
TITLE: SAMPLE CASE SHEET: __ 2 OF_2_
LOCATION
sr . llEl IOP 2488 tolll 42143 4848 .“ 8 L[ L] esjer kg ]
Th. b2, 14,46, 14.50, 14. 94,

i i i -} I 1
RANN(1,2)=15.85,16.1,1§.65,17.20,17.75,18.30,18.85,19.40,19.95,

1 i o 1k 4 1

20.50,21.06,21.60,22. 15,

i A 1 A i
FLWCN(1)=10§0.0,T@C (1) <{10%0.0,

i i . i 1 S | |
NXT=1, RNXT|(T,1)=15.5, RNXT(1,2)=14.0, RNXT(1,3)=16.5,

/] i i 1 " S | L

RNXT(1,4)=17.0, RNXT|(1,5)=17.5,
i 1 1 1 . 1
RSXT(1,1)E15.5, RSXT(|1,2)=16.0, REXT(1,3)=16.h,
1 1 1 i} i i
RSXT (1,4)=17.0, RSXT|(1,5)=17.5,

) i . 1 1 | 1
IWRL(J)=5*0, VUM(J)=728.5,765.9;78@.2,8]3;1,955.9, |gpp(1)=;*1, .
DVMDR(1,1)=p.0, N \ . .
DVMDR(1,2)=p.0,

4 [ 1 i 1 i
DVMDR(I,3)=5.0,

1 - 1 1 L 1
DVMDR (1,4)=p.0,

i 1 1 i\ [ 1
DVMDR(1,5)=p.0,

1 A - —1 1 '
DVMDR(1,6)=p.0,

I . 1 A L N
DVMDR‘(|,7)=5.0, i 1 1 1
DVMDR (1,8)=p.0,

1 1 1 1 L i
DVMDR51,9)=b.o, N B ) . _
DW@&Q,Hﬂ=&O 8 . . ) ,

- - -y A 'S L 4
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#¢ PROGRAM TD2 « AERODYNAMIC CALCULATIONS FOR THE DESIGN OF AXIAL TURBINES #»

NASA MULTISTAGE TWINSPOOL TURBINE WITHOUT MIXING

sse GENERAL INPUT DATA wse

NUMBER CF SPOOLS = 2
NUMBER OF STREAMLINES = 9

GAS CONSTANT » 53,35000 LBF FT/LBN DEG R
INLET #ASS FLO¥ » 111,90000 LBM/SEC

® TABULAR INLEY SPECIFICATIONS ¢

RADIAL T0TAL TOTAL ARSOLUTE
COORDINATE TEMPERATURE PRESSURE FLOW ANGLE
(RL1] (DEQ R) (PSI) {DEG}
14,5000 2410,00 342,4000 Q<000
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eas INPUT DATA FOR SPOOL | ®ee

#¢ DESION REQUIREMENTS ee

ROTATIVE SPEED = 10800.0 RPM
PORER OUTPLUT & 24530,00 HP

®8 ANALYSIS VARIABLES ®e

NUMHER OF STAGES = 2

* POWER=QUTPUT SPLIT &

FRACTION OF
STAGE NUMBER SPOOL POWER OUTPUT

1 +59000
2 «51000

® SPECIFIC=MEAT SPECIFICATION &

DESIGN STATION MUMBER SPECIFIC HEAT
{BTU/LbM DEG R)

LEBR00
.26A00
.28200
,28200
.27500

(LI L g

& ANNULUS SPECIFICATION o

STATION NUMBER AXIAL POSITION HUB RADIUS
tIN) (INy
i 0.,0000 13,9750
2 1.%5000 14,0000
3 3.9000 1440250
. 4.5000 14.0500
5 640000 140750
s 7.5000 14e1000
7 9.0000 1441400
65

CASING RADIUS
(R3]

14,8500
1S5.1000
15.3500
15,6000
15.8500
16,1000
16,6500



® COOLANT SCHEDULE

FRACTION OF TovaL
BLADE ROW NUMBER INLET HaSS FLOW TEMPERATURE

{DEG R)

1 01698 1400,00

2 «01698 1400,00

3 «01699 1400400

. 0,00000 1400,00

® BLADE=ROw EXIT CONDITIONS
STAYOR )

MERINIONAL
RADIAL vELnCITY
POSITION GRAVIENT
(IN) {PER SEC)
14,6500 0000

WHIRL VELUCITY AT THE MEAN STREAMLINE = 137047000 FEET PER SEC

AOTOR 1
SOLUTION COMPUTED FOR RADIALLY CONSTANT wORK OUTPUT
STATOR 2
MERINIONAL
RADJAL vELOCITY
POSITION GRADTENT
(IN) (PER  SEC)
14,9600 .00

WHIRL VELOCITY AT THE MEAN STREAMLINE ® 1395,6000 FEET PER SEC

ROTOR 2
SOLUTION COMPUTED FOR RADIALLY CONSTANY WORK OUTPUT
@ GASIC INTEANAL LOSS CORRELATION @
TANUINLET ANGLE) o TAN{EXIT ANOLE) { 03000000 o ,15725500 ® (v RATIOI®® 3.,60) [IF (V RATIO) LT,
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Y= *TINES®

1.,00000000 ¢ 0 00000000 ® COSI(EXIT ANGLE) ( 404300000 ¢ ,09360000 ®((V RATIO)= +300}) IFf (V RaATIO) .6f. 30000006

THE PRESSURESLOSS COEFFICIENT COMPUTED IN THMIS MANNER WAY NOT EXCEED A LIMIT OF 2400000000
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STREsMLINE
ANUMAER

OBEP RS W

STREAML INE
WUMBER

BBAPROGN -

RADIAL
PCSITION
tiny

1440000
J4e1415
18,2817
164207
16,5585
14,6953
14,8311
14,9640
151000

STATIC
PRESSUKE
(PSI)

334,912)
3349122
334,9123
334,912
338,933
3349123
334,912
334,9]12)
334,9)2)

MaSS=FLOW
FUNCTION
{LHM/SEC)

0400000
13.,98785¢
?27.975¢0
4196250
$5,95000
69,93750
/3 ,92500
97,91250
111.90000

STaTiC

TEVPERATURE

(0te R)

2397,3%
2397,3%
2397,35
2397,.38
2397,1%
2397,35
2397,35
2397,3%
2397,38

sse QUTPUT OF DESION ANALYSIS FOR SPOOL

MERIDIONAL

veLoCcITY
(FPS)

427,145
427,148
27,145
427,145
427,165
427,145
€27,145
427,165
827,165

STREAML INE

SLOPE
ANGLE
{DEG)

«955
20049
34134
4,208
5.27¢
6,332
7,383
8,426
9,602

®e STATOR INLET 1 oo

ARIAL
VELOCITY
(FPS)

427,066
426,872
426,507
425,994
425,337
424,539
423,604
22,535
42]1.334

STREAMLINE
CURVATURE
(PER IN)

0.00000
000000
0000000
000000
000000
000000
0¢00000
0,00000
0,00000

wHIHL
VELOCITY
(FPS)

04000
0,000
0,000
04000
0000
0,000
0,000
0.000
04000

ABSOLUTE
veELactTY
(FPS)

427,145
427,145
427,165
4274148
427,145
427.145
427,145
427,185
427,145

ARSOLUTE
MACH
NUMBER

«18380
«18380
18380
+18389
«1838p
+18380
18380
.18380
«18300

@ STATOR 1 MIXED AND/OR COOI.ED WUANTITIES ®e

STREAML INE
KUMBER

P WUN -

ABSOLUTE
TOTAL

PRESSURE
PS1)

3a2.4000

3424000
382,4000
Ja2,4000

68

ABSOLUTE
TOTAL
TEMPERATURE
{oeo R}

2393.16
2393414
2393,14
2393,14

ABSOLUTE
ToTaL
PRE SSUKE
(PSIH

42,4000
342.4000
342,4000
342,4000
342.4000
342,4000
342,4000
342 4900
342,4000

ABSOLUTE
T0TaL
TEMPERATURE
(DEG Ry

2410,00
2410,00
2410,00
2410,00
2430.00
2410,00
2410,00
2410,00
2410,00

ABSCOLUTE



STREAML INE
NUMBER

GO NCEIPWN -

STREAML INE
MUNBER

GONCRIPWN -~

RAUIAL
PeSITION
tim

1440250
1441993
143707
145398
1447059
14,4699
15.0319
151919
1593500

STATIC
PRESSURE
(PSI)

251.9023
2%3.6260
25941965
2%56,06994
258,1399
259,522)
260.8508
26201293
203,3609

MaSS=FLOW
FUNCTION
(LAM/SEC)

0400000
14.2249]
2R, 4490)
42.67474
86.8996%
T1.12656
85.34948
99,57439

113.7993¢0

STATIC
TEWPLRATURE
(DEG R)

2238.10
2241.21
2244,18
2247,01
2249,72
22%2.,1
2254,79
2257.10
225947

MERINDIONAL
VELOCITY
{FPS)

435,227
435,227
835,227
#35,227
438,227
35,227
435,227
435,227
835,227

STREAML INE
SLOPE
ANGLE
{DEG)

2955
2,074
3,178
4,258
5,327
6,380
Tet20
8,647
9,402

STREaML INE
NUMBER

LR X1 X

om™M~O Y

2e2,4000 2393,1¢
02,4000 23931
342,4000 2393,16
42,4000 2393,14
342,4000 2393,14

®® STATOR EXIT = RUTOR {NLET ] e

ARTAL
VELOCITY
(FPS)

43D, 167
438,942
434,559
434,025
433,340
432,532
431,583
430.506
429,305

STREAMLINE
CURVATURE
(PER IN)

200000
+00000
200000
200000
«,00000
-,00000
=.00000
=,00000
=,00000

WHERL AHSOLUTE
YELNCITY VELOCITY
(FPS) tFPS)
1430.928 149%5.270
1814,7238 1%8n,171
1399,532 1465,h448
1384 ,800 1651.640
1370700 1038,138
1158,999 1425.08%
1343.730 14124457
13304866 14004224
1318,379 1388,360

ALAVE RELATIVE
YELOCITY VELNCITY
(FPS) (FPS)
132),825 488,597
133R,251 441,897
13544408 437,560
1370, 328 435,470
1385%,996 435,496
1401 ,4%9 437,492
1416,.722 441,305
1431.799 446,778
1446,703 453,75]

AHSOLUTE
MACH
NUMBER

« 66592
+O5ATe
«65]184
«64521
»63R82
63266
«6267)
62095
261538

RELATIVE
MACH
NUMBER

ROTOR | HIXED AND/OR COOLED WUANTITIES e

ABSOLUTE
TO0TaL

PRESSURE
(21}

333.8000
33440800
334,285
334,477
334,.6577

AssoLUTE RELATIVE
TOTAL TOTAL
TEMPERATURE PRESSURE
(DEQ A) (PSI)
2376483 258,.1016

23760083
3

2376.83
2376.0)

69

RELATIVE
TOTAL

TEMPERATURE

(DE® R}
2233.74

27266 ,36

ABSOLUTE
TOTAL

PRESSURE
(PSI

333,8600
334,0800
334,2854
334,8776
334,6577
334,0268
334,.9057
335,135
335.2760

RELATIVE
TOTAL

PRESSURE
(PSI}

258,6483
260,125%
26,5967
263,0693

2
270,8224

ARSOLUTE

TOYAL
TEVPERATURE
{DEG )

2393.14
2393,14
2391,14
2393.14
2393,14
2393,14
2393.14
239314
2393,1¢

RELATIVE
TOTAL
TEMPERATURE
(DES R}

2252,08
2254758
225748
2260,16
2262,87
2265%,58
2268,30
2273.02
22713,78

ABSaLUTE
FLOW
ANGLE

{DEG)

73,080
72,911
72,750
12,%9¢
T2.456
72,321
72.19%
72,075
71.963

RELATIVE
FLOwW
ANOLE

(0EG)

14,023




6 334,8268 2376.23 265,5759 2249,27
? 334.9857 2376.82 267,0529 2251.99
a 33541351 2376.A3 268,5318 2254.71
9 335.2760 2376.83 270.013e 2257400
ee gTAGE EXIT | e
ABSOLUTE ABSOLUTE ABSOLUTE ABSOLUTE
STRE aMp INE RaUIAL MgSS=FLOW MERTDIONAL AXTal LG LR ABSOLUTE MACH ToTaL TOTaAL FLOW
MUMRER PeSITIoN FUNCTION YELOCITY VELOCITY VELDCITY VELOCITY NUMBER PRESSURE TEMPERATURE ANGLE
(IN) (LAM/SEC) (FPS) (FPS) {FPS) (FPS) (PSI) (DEG R) (DEG)
1 1440500 0.00000 433.925 433,865 26,960 834,762 219895 202,4322 2119,19 3,556
2 182612 18486245 443,213 442,912 32,006 444,308 20337 202.6695 2119.19 4,133
3 18,8058 2K 92494 450,708 449 989 35,030 452,178 220497 202,88670 2119,19 A,0628
3 18,6643 43,34745 456,730 455,429 404351 458,509 +209A9 203.0301 2119,19 5,063
5 1848503 57,84998 46,577 459,535 43,876 463,658 J21226 20301649 211%9.19 5,454
] 15s048) 72.3)2%2 465,44) €62,51) 47,082 457,819 21418 203.2754 2119.19 5,813
7 1502349 R6,T7548 468,457 464,493 Spe028 471,120 21570 203.3643 211%9.19 6,147
(] 154187 10123765 470,598 465,568 Sa2.762 473,646 .21687 203.4333 2119.19 6,466
® 1546000 11570025 472,218 #65,79) 554320 475,447 «21779 203.4834 211919 6,773
STREAMLINE RELATIVE RELATIVE RELATIVE RELATIVE
STREAMLINE STaTle STaTiC SLOPE STREAML INE BLAUVE RELATIVE MACH TOoTaL TOT\L FLOW
WUMBER PRESSURE  TEMPERATURE ANGLE CURVATURE  VFLOCITY VELOCITY NUMpgR PRESSURE  TEMPER,TURE ANGLE
(PSI tNEG R) {DEG) {PER IN} (FPS) (FPS) (PS1) (DEG R) {pEG!
1 197 2242 2105 Ao 955 00000 1324181 1367,871 62594 253,4960 2238, -71,507
2 19742248 2105,.21 24114 00000 1344,08%9 1384,919 ,63382 255,0667 2241404 71,347
3 197,2258 210%.71 3,236 00000 1363,35] 1%01.377 J66)66 256,607 2243,79 71,267
L3 197,269 2104,30 4,327 00000 1382,080 1417335 64880 258,123 2246,56 71,25
5 167,2282 2103,97 5,391 L00000 140n,363 1432 868 ,65597 259,6210 2249 3¢ .7,'294
] 197,.¢29¢ 2103,69 6,434 «00000 1418,271 1448,032 £66295 261,104 2252,18 =71.360
7 197232 2103.47 7,659 *00000 14235,459 1465.867 ,66978 262,5752 2255.02 al) .47
8 197.2329 2103,30 8,467 «00000 1453,177 177,403 J67646 264,036 2257,88 =T1.611
9 197,2348 2103,18 9,662 +00000 1470 ,26% 149] ,663 L,68301 265,4883 2260,7¢ «T1,779
48 STAGE 1 PERFORMANCE e»
STATUR ROTOR
PRESSURE PRESSURE STaYor ROTOR ROTOR STAGE
STREANL INE STaToR ROTOR LOSS LOSS ALADE ROw BLADE ROW [SENTROPIC ISENTROPIC
ANUMYER REACTION REACTION  COEFFICIENT COEFFICIENT EFFICIENCY EFFICIENCY EFFICIENCY EFFICIENCY
1 < 20568 »32795 +10430 +10640 92036 .92776 «9694¢ «90012
2 20858 «319¢8 «1034) 10223 92070 «93093 »95032 90201
3 29164 31224 «l0¢bo «n9685 92100 93345 «95096 90358
g 29428 «3072% «10186 0?0608 92127 +93543 «95137 90409
5 29701 ©30393 sl0110 +09380 92151 493698 «95159 «90%597
6 «29973 ©30213 10u5? «07191 92172 »93820 «95)66 «9068s
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Dt

STREAML INE RADIAL
NUMBER PesSITION
(8 L}

14,0750
1443138
16,5469
1eeT77480
1449979
15,2167
15¢4314
1506424
15,8500

BBNCN S WN -

+3028)
«30506
30768

HASS=FLOw
FUNCTION
(LAM/SEC)

000000
18,068748
29,3796
44,06244
58,7499)
73,.43761
AR, 12409

102.81237
117,4998%

«30167 «10L01 09035
+30241 «09951 .08%99
«30419 «09v06 08810

»92190
«92205
92217

® MLSS=-AVERAGED QUANTITIES o

STATOR BLADE=ROW EFFICIENCY
ROTOR BLADE-ROw EFFICIENCY

STAGE WURK

STAGE TOTAL €EFFICIENCY

STAGE STATIC EFFICIENCY

STAGE BLADE- TO JET=SPLED RATIO

092143
«93599

293913
«93%80
94025

73,427 RTU PER LBM

«91851
«AT271
+67350

e STATOR 2 MIXED ANN/OR CUOLED WUANTITIES ee

ARSOLUTE
STREAMLINE TOTAL
NUNMBER PRESSURE
(PSl)

202.4322
202.609%
2n2.8070
2n3,0301
203,1549
203,2754
203,3643
203,433
203.403¢

DBNONEWN

AYSOLUTE
TOTAL
TEMPERATURE,
{0EG R)

210A,17
210817
2108417
2108,17
2108,17
2108,17
2108,17
2108,17
2108.17

o8 STATOR EXIT = RUTOR INLEY 2 ee

MERIDIONAL AXTAL WHIHL
VELOCTTY VELOCITY VELOCITY
(FPS) (FPS) (FPS)
510,394 510,323 1471 ,473
510,394 510,u%) 1451,391
910,394 509,590 1432,093
510,394 508,95} 1413,510
510,39 508,147 1395,600
510,39 597,106 1378,3)9
5104394 506,078 1161.619
510,39 504,830 134%.449
510,39 503,449 1329,760
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AHSOLUTE
vELOCITY
(FPS)

1557.477
1930,5)8
1520,326
1502.834
1486.002
1469,784
1454,134
1439.004
1428 367

ABSOLUTE
MACH
NUMRER

«78323
«73339
72399
71497
«70631
69800
+69000
«68220
67482

095160
95149
«95109

ABSOLUTE
TOTAL

PRESSURE
PSIH

197,2437
197,6342
197,9755
198,2737
198,5355
198,7659
198,968S
199,1458
199,2997

090757
%0852
«9083)

ABSOLUTE
TOTaL
TEVMPERATURE
tDEG /)

2100,17
2100,17
2108,17
2108,17
2108,17
210017
2108,17
210817
2108,17

ABSOLUTE
FLOW
ANGLE
(0EQY

70,873
70,637
70,413
70.198
09,993
69,798
69,611
69,433
69,263



STRE AML INE
MUMBER

OB~V EWN -

STRE gML INE
NUMgER

ORGP DN~

sTatlc
PRESSULRE
(PS1)

139,0482
14045577
141.9803
1643,3240
144,59%9
145,8021
146,948)
14840392
149,0792

RaDIal
PCSITION
tIn)

141000
14:3%9
146718
14,9369
1941883
1504300
1506620
15,885)
1601000

STaTIC
TEVPERATURE
1OEG R}

1936 ,38
1940,54
1944 ,45
1948,22
1951,79
1955,18
1958,42
1961,52
1964 49

¥, SS=FLOW
FUNCTIOM
(LAM/SEC)

0400000
16,68743
29.37492
44,0026)
s,74995
T3.43747
08,12499

102,01252
11750004

STREAML INE
SLOPE
ANGLE
{DEG)

2955
24099
3,216
4,309
5,378
6,427
T.056
8,467
9,462

STREAMLINE
NUMBER

VBN UPEWLN —~

MEKIDIONAL
VELOCITY
(FPS)

501,935
522.790
542,108
560,652
579,089
597,845
017,187
637,203
658,217

STREAMLINE
CURVATURE
tPER IN)Y

0,00000
0,00u00
0,00000
0,00000
0,00000
0,00000
0,00000
0,00000
0,00000

HLAVE
VFLOCITY
(FPS)

1326,537
1349,.081
1171,009
1392,%87
1413,517
1434,135
1454,374
1474262
1493,827

RELATIVE
VELOCITY
(FPS)

530,573
5204555
514,036
510,826
510,708
513,437
518,753
526.398
536,115

RELATIVE
MACH
NUKBER

.25319
«24B 14
28479
26302
24275
.24383
26615
24958
25800

ROTOR 2 MIXED AND/OR COOLED QUANTITIFS ee

AHSOLUTE
TOTAL

PRESSURE
(PS1)

197.,2637
197.62342
197.97%5
198,2737
198.535%%
198,7659
198,9685
199,.1458
19942997

AXIal
VELOGITY
tFPS)

S01.817
521,947
539,935
556,516
572404¢
580,126
603,848
019,777

ARSOLUTE RELATIVE
TOTAL TOTAL
TEMPERATURE  PRESSURE
(DEG R) (PSIH
2108417 145.0316
2108417 1¢6,3638
2108417 147,6852
2108,17 148 9990
2108417 150,3079
2108417 151.6142
2108417 152.9196
210017 156,2265
2108017 155.536¢
o0 STAGE EXIT 2 oo
wHiRL AUSOLUTE
VeELoclTY VELOCITY
(FPS) (FPS)
38,297 $03,099
43,555 528460}
51063 544,507
57,094 563,552
61.928 582,139}
65,768 601045]
68,744 621.003
70,972 641,223
72.532 6620201

©35,992

T2

RELATIVE
TOTaL
TEMPERATURE
(NEG R)

1956,32
1959,73
1963,19
1966,70
1970.26
1973,85
1977,48
1961,15
1984,85

ABSOLUTE
MaACH
NUMKER

« 268665
+25730
.26718
27668
«2869]
«2955)
30526
31536
«J2586

RELATIVE
TOTAL

PRESSURE
tPS1)

145,0316
146,3638
147,6852
148,9990
150,3079
151 ,6142
182,9198
154.2265
155 ,5360

ABSOLUTE
TOTaL

PRESSURE
(PSI)

110,1343
11004048
110.7762
111.0207
111.2303
11164)36
111.5769
111,7249
111.8603

RELATIVE
TOTaL
TEMPERATURE
(0EG Ry

1956,32
1959,7)3
19¢3,19
1966,7¢
1970,26
1973 88
197740
1901,1y
1984 88

ABSCLUTE
T0T,L
TEMPER A TURE
(DEG M)

1837 ,.9¢
1837,96
1837,9%
1837,9
1837,9%
1017,.9%¢
1837,.9¢
1037,9¢
1837,%

RELATIVE
FLOW
ANGLE

(DEQ)

15,058
11.347
8,838
2,388
-2,019
8,200
«10,386
=14e310
-18,0%0

ABSCLUTE
FLOW
ANGLE
10EG)

3.90
4,770
S,40)
5,058
6,174
6,380
6,498
6,533
6,506



STRE
L2111

AML
MBE

APNITRIUN~

INE
]

STallc
PRESSURE
{PSI)

1o, 7424
10507439
105+6619
10%.5373
105,37006
10%.1622
10449122
104,5205
106.2868

STREAML INE

AUMBER

CR~NFWI LN -

sTallce
TEMPERATURE
(DES R)

181958
1817.98
1816,43
1A14,.90
1813,33
1811.69
1809.9¢
1R08,10
1806,.12

STaTOR
REACTION

27916
2884y
29742
<3519
«31202
«31829
»3239%
«32915
+3338¢

STREAMLINE
SLOPE
ANGLE
{pEG)

1,241
3,254
5.155
6944
8,69)
10,345
11,933
13,661
14,931

ROTOR
REACTION

«3J8210
«36833
*3575)
34932
343406
+339064
«33757
»33699
«33766

STREAMLIKE
CURVATURE
(PER IN)

200066
« 02336
«03915
«05e15
06849
«0R222
209540
«10807
«l2028

BLAVE
VeLOCITY
(FPSY

132A,493
1356,603
|3B?.7bb
1407.68%
1431,463
1454,262
1a76.111
1497,1239
1517.269

RELATIVE
VELOC1TY
(FPS)

13R8,578
1413296
1837.R34
1402,336
14R% 934
1511.718
1538,750
1562,077
19A7,722

®s STAGE 2 PERFORMANCE es

STATUR ROTUR
PRESSURE PRESSURE 5TaTor
L0OSS LOSS BLADE ROW
COEFFICIENT COEFFICIENT EFFICIENCY
08913 10003 93377
«08319 «09321 +93408
+0873) 08762 « 93434
«0B658 «qd285 «93458
+08582 «07862 +93689
08518 «07478 «93500
+0845) 07119 «93519
«08399 06779 «93530
«0833) « 06852 +9355%

® MASS~AVERAGED QUANTITIES o

STATQR BLADEegoW EFFICIENCY =

ROTOR BLADE=ROW EFFICIENCY

STAGE WORK

STAGE TOTAL EFFICIENCY
STAGE STaYIC EFFICIENCY
STAGE SLADE~ TO JET=SPEED RATIO

3

«93475
«95131

75.253
*93900
*A6676
v67605

RELATIVE
MACH
NUMBER

58076
«69319
«70552
«71785
JT302¢
14279
+75541
.7682%
18129

ROTOR
BLADE ROw
EFFICIENCY

93656
« 98180
« 90599
9494
«95233

ATV PER LBM

RELATIVE
TOTal
PRE SSURE
(PS1)

142,4]068
143,8739
145,298%
18,6998
148,087}
149,4674
150,8453
152,2249
153,6080

ROTOR
1SENTROPIC
EFFICIENCY

95908
«950%92
96232
»96349
296427
v96503
»90872
+ 96640
98700

RELATIVE
TQTaL
TENPER,TURE
(pEG M)

1959,6)
196303
1966,57
1970.18
197389
1977,88

STAGE
1SENTROPIC
EFFICIFNCY

«9162%
«9190%
092139
«92330
92511
«92069
292818
« 92950
«93097

RELATIVE
FLOW
ANOLFE
(pE@)

YRS
~68,322




®e8 SPOQL | PERFORMANCE SUMMARY (MASS=AVERAGED QUANTITIES) ese

STAGE
STYATOR ROTOR STAGE STAGE BLADE- TO
STAGE ALAOE=ROW BLADE=ROW STACGE TOTAL STATIC JET=SPEED
NUMBER EFFICIENCY EFFICIENCY WORK EFFICIENCY EFFICIENCY RATIO
{ATU/LBM)
1 «92142 «93599 73,027 91851 87271 67350
2 93478 «95131 75.2%3 «93900 86676 67605

SPONL WURK = 148,679 RTU PER (O™
SPOOL POVER s 24530,00 HP
SPOOL TOTAL= TO TOTAL=PRESSURE RATIO s  3,08044
SPOOL TOTAL= TO STATIC=PRESSURE RATIU w 3425304
SPOOL TOTAL EFFICIENCY = «93493
SPOOL STATIC EFFICIENCY » «89738
SPOOL BLADE= TO JET~SPEED RATIO » 48290
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sess INPUT DATA FOR SPODL 2 vwee

®e DESION REQUIREMENTS oo

ROTATIVE SPEED » 4646.0 RPM
POWER DiTPUYT = 20110,00 HP

®® ANALYSIS VARIABLES o«

NUMBER OF STAGES = S

® POWNER=QUTPUT SPLIT o

FRACTION OF
STAGE NUMBER SPQOL POWER OUTPUT

#17230
«1A560
«19950
21390
22879

[ RN

® SPECIFIC-HEAT SPECIFICaATION »

DESION STATION Ny MBER SPECIFIC HEAT
{BTU/LbM DEG R)

27500
+27500
27300
+27300
27100
27100
«26800
«26A00
+26500
«R6500
+26200

OOV NG UV IWN -

-

® ANNULUS SPECIFICATION o

JTATION NUMRER AXIAL POSITION HUR RADIUS CASING HADIUS
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[RLH

7,5000
9.,0000
1045000
l12.0000
135000
15.0000
16,5000
18,0000
19,5000
10 21,0000
11 22,5000
12 24,0000
13 25,5000

WE~NCNIWN~—

® COOLANT SCHED

FRACTION OF TOVAL
BLADE ROW NUMBER INLET MASS FLOW  TEMPERATURE
(DF8 R}
1 0,00000 0.0
2 0.00000 0.00
3 0.00000 0.00
D) 0,00000 0.00
L} 0.00000 0.00
[ 0.00000 0,00
7 0,00000 0,00
[} 0,00000 0,00
9 0.00000 0,00
10 0,00000 0,00
® BLADE~ROM EXIT CONDITIONS @
STATOR 1
MERINIONAL
RADIAL vELOCITY
POSITION GRADIENT
(1) {ptRr SEC}
15.5000 0400

wHIRL VELOCITY AT THE MEAN STREAMUINE =

ROTOR 3
PERIOIONAL
RADIAL vELOCITY
POSITION ORANIENT
(IN (PER  SEC)
18,5000 0400
STATOR 2

6

(INy

18.n7%n
1401000
16s1400
lher8g0
14.2200
14+2600
14,3000
14,3400
14,3800
14,4200
14,4000
14,5000
14,5400

uLE ¢

15,0500
16,1000
16,6500
17.2000
17.7500
18,3000
18,8500
19,4000
19,9500
20,5000
21,0500
21,6000
22,1500

7285000 FEET PER SEC



RADIAL
POSITION
(IN}

160000

FERINJONAL
vELOCITY
GRANRTENT

{PER  SEC)

0,00

WhIRL VELOCITY AT TRE mEAN STREAMLINE o

ROTOR 2
RADIAL
POSITION
{IN)

STATOR D
RADIAL
POSITION
(L1}

PERINTONAL
vELOCITY
SRADIENY

(PER  SEC)

MERINIONAL
vELOCITY
GRADTENT

(PER  SEC)

whiRL VELOCITY AT THE MEAN STREAMLINE »

ROTOR 23
RAGTAL
POSITION
[§8.2]

185000

STATOR o
RADIAL
POSITION
(R L1]

17.0000

MERINIONAL
vELNCITY
GRADIENT

(PER  SEC)

MERIDTONAL
VELNCITY
SRADIENT

(PER  SEC)

wHIRL VELOCITY AT THE umEAN STREAMLINE &

ROTOR &
RADIAL
POSITION
(3 L]

17.0000

MERTNIONAL
VELOCITY
GRADIENT

(PER  SEC)

7

T67.9000 FEET PEn SEC

T0a.2000 FEET PER SEC

013.1000 FEET PEn SEC



STATOR S

PERINTONAL
RADIAL vELnCITY
POSITION GRADTENT
LINY (PER  SEC)
17.5000 0400

WhIRL VELOCITY AT THE MEAN STREAMLINE = 95%.9000 FEFT PER SEC

ROTOR S

MERINTONAL

RADIAL VELNCITY

PUSITION GRADIENT

(IN) (PER  SEC)

17.5000 0400

® BASIC INTERNAL LOSS CORRELATION ®
TANCINLET ANGLE) ¢ TAN(EXIT ANGLE) ( «03000000 ¢ (15725500 ® (V RATIO0)®® 3,80) IF (V RATIO) ,LTe 350000000
Yo STIMESS

1.00000000 * 0 00000000 * COS(EXIT ANGLE) ( 004300000 * 409360000 ®((V RATION= .500)) IF (V RATIO) OB« +50000000

THE PRESSURE=L0SS COEFFICIENT COMPUTED IN THIS MANNER MAY NOT EXCEED A LIMIY OF 2,00000000
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®88 QUTPUT OF DESISN ANALYSIS FOR SPOOL 2 ®as

*e STATOR INLETY ] oo

ABSOLUTE AUSOLUTE ABSOLUTE ABSOLUTE

STREAMLINE RAUTaL “aSS=FLOW MERIDIONAL AXIaL wHIR ABSOLUTE MACH ToTAL TOTAL FLOw
NUMBER PCSITION FUNCTION VELOCITY VELOCITY VELOCITY VELOC1TY NUMBER PRESSURE  TEWPERATURE ANGLE
tIN) (LHM/SEC) (FPS) 1123 (FPS) (FPS) tPsI) (DEG R) (DEG)
1 1841000 0400000 501.935% 501,417 34,297 503.099 «20663 110.1342 1837,.9%¢ J. %0
2 14,3940 14.06474) 522,790 521,947 £3,55% 524,601 25730 110,486 1837,9¢6 4,770
3 14,6718 29.37492 Sa2,108 $39,918 51+063 564,307 26718 110,7762 1837,9¢ 5,403
D 16,9360 44,06243 560,652 556,516 57.094 563,552 27004 111.0207 1837,9¢ 5,850
[ 15,1483 S8,74995 579,089 572,040 61,928 562,391 «28601 111,2303 1837,96 6,174
[ 15.4300 73.43747 597,845 588,126 65,764 601,451 29551 111,4136 1837,9¢ 6,300
7 156620 AR.12499 617,187 603.R48 68,744 621,003 «30526 111.5769 1837,9¢ 6,495
] 19.885] 102481252 637,283 619,777 To.972 641,223 31536 111.7249 1837,9¢ 6,533
9 1641000 11750004 o5m,217 635,992 12.332 662,201 +» 32566 111,0003 1637,9¢ 6,306
STREAML INE
STREAML INE STatic sTatic SLOPE STREAML INE
NUMBER PRESSUNE TENPERATURE ANGLE CURVATURE
(PSI) (DEG R) ({DEG) (PER IN)
1 l105.7824 1819,58 1424} 200666
2 1057439 1817.9%¢ 3.254 2023230
3 1056619 1816,43 5.155 03915
4 1055372 1814,90 6,964 05415
5 10543706 1813,33 8,691 +06849
& 10%e1622 1811.69 100345 «0H222
4 10449122 1809.9¢ 11.933 209540
8 10406205 1808.10 13,461 e10807
9 10442068 1806,12 14,93} e12028

es STATOR 1 MIXED AND/OR COOLED UUANTITIES ee

ARSOLUTE AUSOLUTE

STREAML INE TOTAL TOTAL
NUMHER PAESSURE  TEMPERATURE
1213 {DEG R)
1 1101343 1837.9¢
2 110.0846 1837.98
3 110,7762 1837,96
L3 111,0207 18237,.96
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STREANLINE
NUKMBER

ODNOV S WUN -

STREANL IKE
NUMBER

R NOBR P UR

RADIAL
PCSITION
tIn)

18e1400
160474
18,8006
15¢1200
154340
15,7632
1640484
1603504
1846500

STATIC
PRESSURE
(PSNH

95,8738
96,2908
96,6837
97,0548
9744052
97,7371
98,0518
98,3510
$8,836p

MaSSeFLOM
FUNCTION
(LBM/SEC)

0400000
16006840
29,37679
44,06519
§8,753%8
73,44198
88,13037

10281977

117.50716

STATIC
TEVPERATURE
(DEG R)

1779,83
178906
1780,76
1781 ,56
1782,41
1783,28
1784,17
1765,05
1785,93

MERIDIONAL
VELOCITY
(FPS}

*83,970
483,970
483,970
4R3,970
483,970
483,970
483,970
483,97¢
483,979

STREANLINE
SLOPE
ANGLE
{DEQ)

1,528

17,915
200136

DoO~NPWV

111,2303
111,4130
111,5769
111,7249
111,.8605

1837,96
1837,.9¢6
1837,96
1837,96
1837,96

#® STATOR EXIT = ROTOR INLET 1 ee

ARlal
VELOCITY
(FPS)

483,798
482,789
480,932
478,262
4Tati83y
470,769
465,969
460.503
454,388

STREANLINE
CURVATURE

{PER IN)

« 00000
«00000
“oo000
00000
«G0000
+00000
«00000
«00000
«00000

wHIRL
VELOCITY
(FPS)

7564181
750,558
743,914
736,870
7284500
720,210
711731
7034145
694,488

ALAVE
VELOCITY
(FPS)

573,292
586,838
600,067
#13,025
625,758
638,290
6504666
662,912
675,057

ABSOLUTE
VELOCITY
(FPS)

897,795
893,064
887,488
881,258
874,608
867,715
860,891
859,604
846,484

RELATIVE
VELOCITY
(FPS)

517,374
510,912
504,895
499,465
454,756
490,854
487,807
485,640
484,360

ABSOLUTE
HaCH
NUMBER

44509
44267
»039R2
«43603
43323
42971
082613
42252
+41889

RELATIVE
MACH
NUMRER

«25649
+25325
«25021
24747
24508
«24308
«2415])
24038
»23969

#8 ROTOR 1 HIXED AND/OR COOLED QUANTITIES e

STREAMLINE
NUMBER

VoW -

ABSOLUTE
TOTAL

PRESSURE
(PSI)

109.1044
1094873
10967558
1099786
110010654

ABSOLUTE
TOTAL
TEUPERATURE
(DEG R)
183796
1837496
183796

1837.96
1837496

80

RELATIVE
TJOTAL

PRESSURE
{PST)

100.1482
100.4702
100.7788
10140744
101+3807

RELATIVE
TOTAL
TEMPERATURE
(DEG R)

1798,87
1799.00
1799,28
1799,68
1R00.19

ARSOLUTE
T0TAL

PRESSURE
(PS1)

109,164
109,4873
109,7558
109.97686
110,1654
110,3240
110.460]1
11045777
1106793

RELATIVE
TOTAL

PRESSURE
(PS1}

100,1442
100,4702
100,7768
101,0744
101,3607
101,0409
101,917}
102.1913
102.,4649

ABSOLUTE
T0TAL
TEMPERATURE
(DEG &)

1837,9¢6
1837,96
183796
1837,98
1837,9
1837,98
1837,9¢
1837,96
1837,9%

RELATIVE
T0TaAL
TEMPERATURE
(DEG R)

1798,87
179900
1799 28
1799,68
1800,19
1800,78
1801,48
1802.10
1802.9¢

ABSOLUTE
FLOV
ANOLE
¢DEG)

97,389

AELATIVE
FLO¥
ANGLE
(DEO)

2,440



STREAML INE
NUMBER

BNV IWUN ~

STREAMLINE
NUNBER

L L LK X' R NFY R

RADTaL
PCS1TION
tIN)

1441800
14.5837
14,9773
1543624
157442
16:1119
16,4788
16,8409
17s2000

STATIC
PRESSURE
(PST)

89,0001
89,0199
89,0308
8940602
A9,0400
89.05¢5
29.0633
29,0694
29,0748

STREANLINE

AUMBER

CROLN -

MASS=FLOW
FUNCTION
(LHM/SEC)

0.00000
14.68722
29,3704)
44,06165
88,744087
73.43609
aR,12331

102.810%82
117.4977¢

STATIC
TEVPERATURE
(0EG R)

1751,67
1750,35
1749,28
1748,34
1747,59
1746,97
1746,48
1746,03
1745,68

sTaToR
REACTION

«36037
38782

69314

oe~Ne

HERINIONAL
VELOCITY
(FPS)

423,109
4234149
423,149
423,149
423,149
423,149
423,149
423,149
423,149

STREAML INE
SLOPE
ANGLE
(DEG)

1,528
4,015
6,440
8,813
11,141
13.432
15,691
17,926
20,136

ROTOR
REACTION

+63548
*61869
«6032¢%
«3895¢
«57720
«56027

110+3260
110460}
1105777
110+679)

1837496
1837496
103796
1837496

«o STAGE EXIT

ARIAL
VELOCITY
(FPS)

422,999
422.110
420,478
418,153
815,174
411.,57%
407,301
402,613
397,284

STREAMLINE
CURVATURE
(PER IN)

0,00000
=,00000
=e00QU00
=+00000
=,00000
=e00000
=,00000
=,00000
-, 00000

wHIRL
VELOCITY
(FPS)

*120.,663
=117.469
alls,b4)
=111.080
=107.272
«103.,284
«99,159
«94,926
«90,598

BLAVE
VELOCITY
{FPS)

576,914
591,280
607,240
622,853
63N, 172
653,241
a6l 104
«82,797
497,357

10) 06409
101,171
10201913
10244649

1 e

AHSOLUTE
VELOCITY
(FPS)

440,017
39,258
438,404
437,486
436,534
435,572
434,6)2
433,666
432,739

RELATIVE
VELOCITY
(FPS)

8la,178
825,801
836,762
847,179
857,170
866,825
876,212
285,386
894,307

®® STAGE | PERFORNANCE ®¢

STATOR
PI[SSURE

ROTUR
FHEQSUIE

STaTOR
ROW

ABSOLUTE
T0TaAL
TEMPERATURE
(DEG R)

1765 .84
1764 ,47
1763,
1762,34
1761,.5)3
1760,.08
1760,27
1759,78
1759,38

RELATIVE
TOTAL
TENMPERATURE
(DEG M)

1800,16
1800,24
1800.47
1800,88
1801,34
1801,93
1802, 61
1803,37
1004,20

STaet
ISENTROPIC

aLaot
CUCFFICIEN' CO!FFICIENT lfflclENCV EFFICIENCY EFFICIENCY EFFICIENCY
«08671
8

07273
«07%30
+07788
08057
008345
+08066)

10619
»10349
«1010%
«099%90

81

1800478
1801448
1802.10
1802.96
ABSOLUTE ABSOLUTE
MACH T0vaL
NUMBER PRESSURE
(PSI)
«21960 91,9086
«21930 91,9129
21894 91,9144
21854 91,9138
«21811 91.9111
221767 91,9073
21722 91,9025
21678 91,8970
«21633 91,8909
RELATIVE RELATIVE
MACH TOTAL
NUMBER PRESSURE
[{23¢]
«*0611 99,2322
Sl228 99,5602
41709 99,8732
42320 100,1730
42028 100,4648
43318 100,7486
«43794 101,0268
46250 101,3010
Je8712 101,5720
ROTOR ROTOR
BLADE ROW ISENTROPIC
«90499 «93120
«%088) *93352
%1233 93547
91881 «93700
+916802 «93833
92018 «93928

ABSOLUTE
FLOW
ANGLE
({DEG)

=15.921
=15.602
-15,25)
-14,877
14,407
-14,087
13,680
=13,267
12,848

AELATIVE
FLOW
ANOLE

(DES)

-88,698
-59,237
«59,780
-60.328
«60,884
=8],452
-62,034
«$2,830
«$3,243



@~

STREAML IKE Ra0lalL
NUMggR PCSITION
($L})

1%<2200
187959
151787
1546289
1640709
18502%
169253
1703897
177500

CBNCASWN -

«72152
«75119
+78239

¥y SS5=FLOW
FUNCTION
(LaM/SEC)

000000
10068866
29.37732
46406598
58,75464
7344330
8813196

102+82063
11750927

255672
«5485]
+54156

« 09009
0939
«09819

«09732
«09599
«09500

92330
«92022
«91683

® MASS~AVERAGED QUANTITIES ¢

STATOR BLADE=-Row EFFICIENCY

ROTOR BLADE=~ROW EFFICIENCY

STAGE WORK
STAGE TOTAL EFFICIENCY
STAGE STATIC EFFICIENCY

STAGE BLADE~ TO JET=SPEED RATIO

+92805
«91681

2192
«92323
«92414

20,842 ATU PER LBM

89082
+ 76678
54116

#o STATOR 2 MIXED AND/OR COOLED QUANYITIES es

HERIOIGNAL

VELOGITY
(FPS)

385,015
385,85
3RS, 05
385,15
385,85
385,85
385,815
385,88
385,88

STREAML INE

NUMBLR

VR~ACNSWN -~

aXlal
VELOCITY
(FPS)

385,678
384,833
383,289
3814112
378,356
3754080
371.258
366,976
362,232

ARSOLUTE

TOTAL
PRESSURE
(PS1)

91,9086
91,9129
917164
91,9136
91.9111
91,9073
91.9025
91.8970
91,899

wHERL
VeLOclITY
trPS)

Abo,.202
8340054
Aln.l63
78R, 210
167,990
749,020
731,376
7144790
699,128

82

ABSOLUTE
TOTAL
TEMPERATURE
(DEG R)

1765.84
1764467
1763031
1762434
176152
1760485
176027
1759.78
1759,38

@8 STATOR EXIT = RUTUR INLET 2 e»

A8SOLUTE
VELOCITY
LFPS)

942,835
918,966
897,339
877,87
859,374
842547
026,900
8124267
798,517

ABSOLUTE
MaCH
NUMggR

7752
46517
45400
44379
«43439
42571
«41765
*41010
%0302

93983
«94009
«34001

ABSOLUTE
ToTaL

PRESSURE
(PST}

90,6384
99,7977
90.7646
99.8),5
99,8504
90,8834
90.9117
90.9358
Sp.95061

«8922)
+89186
209044

ABSCLUTE
TOTaL
TEMPERLTURE
(DEG R}

1765,04
1768 ,87
1763.32
1762,3%
1761,53
1760484
1760.27
1759.78
1759,38

ABSOLUTE



STREAML INE RELATIVE RELATIVE RELATIVE RELATIVE

STAEAML INE STaTIC STaTIC SLOPE STREA'L INE AL AVE RELATIVE MACH T0TaAL TOTaL FLOW
NUMGER PRLSSLRE  TEMPERATURE ALGLE CURVATURE  VFLOCITY VELOCITY NUMBER PRESSURE  TEMPERATURE ANGLE
(PSI) (DEG R} {DEG) (PER IN) (FPS) (FPS) tPSI) (DEG Ry {DEC)

s 76,0594 1700,8) 1,528 -,00000 576,935 678,921 .24256 81,1712 1717,59 36,342

] T8, 7068 1702.7¢ 4,009 “s00000 §96,238 453,221 22942 a1,50%0 1717.72 31.715%

3 7942794 1706 ,41 6.560 =.60n00 6154243 432,258 +21870 81,8415 1718,08 264959

. 79,7913 1706,01 8,955 -.,00000 #33,660 415,619 21018 82,1708 1718 65 22,074

L] Pro, 2524 1707,51 11,285 -, 00000 5] ,580 402,968 L20369 82,4987 1719,38 17,089

[] 80,6707 17068 ,91 13,560 -, 001000 #69,078 394,010 19908 82,8267 1720,27 12,032

7 R1,0526 1710,2% 15,789 -,00000 ~86,220 368,448 «19619 83,1559 1721,28 6,938

a Ale4033 1711.91 17,979 =e00000 703,062 385,993 +«19488 83,4872 1722,41 1.830

9 #1.7269 1712.74 20,136 -,00000 719,656 386,38) «19500 83,8286 1723.86 =3, 264

=@ ROTQOR 2 MIXKEQ ANN/OR CUOLED WUANTITIES ®o

ABSOLUTE AASNLUTE RELATIVE RELATIVE

STREAML INE TOTaL TOTAL TOTAL TOTAL
NUMBER PRESSURE  TEWPFAATURE PHESSURE  TEMPERATURE

sh {DEG R) tPS1) (DEG R)
1 90.63684 1765.84 81,1712 1717,59
2 907077 1764087 81,5090 1717,72
3 90.7646 1743432 81,8415 1718,08
» 90.8115 1762.35 82,1708 1718,6%
5 90,8504 1761453 82,4987 1719,38
6 90,8834 1760.86 82,8267 1720,27
7 9049117 1760+27 83,1559 1721.28
[ 9049358 175978 83,4872 1722,41
9 90,9561 1759,38 83,8216 1723,86

o STAGE EAIT 2 ®e

ABSOLUTE ABSOLUTE ABSOLUTE ABSOLUTE
STREANL INE RALIAL MaSS=FLOW MERIDIONAL AXTAL WHIRL ABSOLUTE MACH TOTAL TOTAL FLOW
NUNBER PESITION FUNCTION VELOCITY VELDCITY veELoCcITY VELNCITY NUMBER PRESSURE  TEMPERATURE ANGLE
tIN) (LAM/SEC) (FPS) tFPS) (FPS) (FPS) {PS1) (DEOG ®) tDEG)

H 1442600 0.00000 357,977 357,850 «108,296 373,999 «1906% 74,1022 1685,19 «16,837

F 4 leedla? 14.68748 357,977 357,069 =105,828 373.292 « 19040 T4.1869 1683,08 16,509

F] 15,3504 29,37492 357,977 Ish 640 -102,852 372,459 19007 74,1927 1601,33 -16,130

Y 1548700 a4,06234 357,977 353,62% «99,.430 371.529 +18988 T4,1941 1679,91 -15,70%

L3 1643759 S8,74983 3%7.977 351,070 «95,601 aT0.523 +1892) T4.1938 1678,74 -15,233

. 16,8701 73,43729 357,917 348,013 9,302 369,457 ,18873 74,1909 1677,79 -14,713

7 173546 B8,12478 387,977 364,482 «86,888 368,370 .18822 74,1072 1877,023 -14,156

[ 17.8397 10281221 357,977 340,505 «02,236 367,301 +18770 76,1826 1676,44 =-13,578

’ 18,3000 117.09%7 357,977 336,09 «77,485 366,267 18779 Ta,1778 1675,98% 12,982
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STREAMLINE
NUMBER

BB NdPRS WA -

STaTlc
PRESSURE
(PS1)

12,4007
7244157
7248255
T24434)
72,4416
72,4482
T2.05%39
12,4508
7244610

STREAML INE

AUMBER

CEBNOUN S WA -

STaTIC
TEMPERATURE
{DEG H)

1674,79
1672,78
1871411
199,73
1668 ,62
1667,73
1667,03
1666 ,50
1666,10

STATOR
REACTION

46670
47799
48856
49852
«50797
51697
«52559
«533%
54193

STREAML INE

SI.0PE
ANGLE
(DEG)

1,528
4,002
6,550
8,943
11,274
13,550
15,781
17,975
20,136

ROTOR
REACTION

+61801
057225
«S534e7
«80401
«4799)
246136
86763
43805
43208

STREAMLINE
CURVATURE

(PER IN)

0,60000
«00000
«00000
10000
«00000
«00000
00000
+00000
«00000

AL AVE
vFLOCITY
(FPS)

578,157
5004649
5224368
643,413
663,943
#83,983
703,623
122,924
761,955

RELATIVE
VELOCITY
{FPS)

774,187
791,996
698,759
824.6)7
839,676
854,013
867,784
883,156
894,220

e» STAGE 2 PERFORMANCE #e

STATOR R0TOR
PRESSURE PRESSURE STaTor
LOSS LOSS ALADE ROW
COEFFICIENT cOEFFICIENT EFFICIENCY
+10093 14359 91638
*10038 12921 091641
«10006 22777 ,91632
+09996 <1087} »91609
e10009 «10178 #91575
eloo2e «09693 «91537
10048 «0935) 91496
«10082 «09120 «91448
10127 08970 91394

® MASS=AVERAGED QUANTITIES ¢

STATOR Bi-ADE=ROW EFFICIENCY =

ROTOR BLADE=RO¥ EFFICIENCY

STAGE TOTAL
STAGE STATIC

STAGE WORK
EFFICIENCY
EFFICIENCY

STAOE SLAOE= TO JET=SPEED RATIO

91557
+91308

RELATIVE RELATIVE RELATIVE
MACH TOoTabL TOTaL
NUMQER PRESSURE  TEMPERATURE
(PS1) (DEG R)
39485 80,2516 1718,96
«40397 80,6562 1719.01
41273 8),0814 1719.0
«42099 81,4150 1719.85
42882 8],7762 1720,.58
43626 82,1258 1721.48
044339 82,4667 1722,53
.45029 82,8024 1723,7)
45702 83,1349 172%,.03
ROToOR ROTOR STAGE
BLADE ROw ISENTROPIC ISENTROPIC
EFFICIENCY EFFICIENCY EFFICIENCY
88090 +92850 «8697)
89335 932398 87788
90348 L9384 88468
91149 «94187 89016
«91766 94437 «89448
92206 74589 +89768
92506 94658 «89988
092702 94662 +90132
,92814 294609 90207

22451 ATU PER L BM

*89148
80448
+55536

e STATOR 3 MIXED AND/OR COOLED QUANTITIES e

STHEAML INE
NUMGER

ABSOLUTE
TOTAL
PRESSURE

84

ABSOLUTE
TovaL
TEMPERATURE

RELATIVE
FLOW
ANGLE
(DEG)

«62,467
=63,187
63,877
84,544
65,193
-65,028
=66,454
57,076
«87,699



PSIH (DEG R)

1 74,1822 1685,10
2 74,1809 1683405
3 74,1927 1681433
4 74,191 1679,91
5 74,1934 1678, 74
[ 76.1909 167779
7 74,1872 1677.03
[} 74,1826 1676444
9 74,1776 1675.99

29 STATOR EXLIY - ROTOR INLEY 3 as

ABSOLUTE ABSOLUTE ABSOLUTE ABSOLUTE

STREAML INE RADIAL MaSS=FLOW MERIDIONAL AX1aL wHIRL ABSOLUTE MACH ToTaL ToTaL FLOwW
NUMAER PCSITION FUNCTION VELOCITY VELOCITY veLocITy VELOCITY NUMRER PRESSURE  TEMPERATURE ANGLE
(313} LM/ SEC) (FPS) (FPS) {FPSy tFPSY ({2331 {0EG Q) (DEG}

1 14,3000 0400000 342,577 362,055 9054165 V67,6826 50224 73,0304 1685,10 69,277

2 14,9473 18.68858 382,577 4] ,068 r69,408 934,467 +48454 73,)27) 1683,08 68,546

3 15.5636 2937736 382,577 p.249 A37,87) 95,200 46903 73,2048 1681,33 67,899

Y 1601544 44,0657 342,577 338,54 AQ9,b80 879,70 4557 Ta.2678 1679,9; 67,327

S 16,7240 S8,75432 342,577 335,769 784,200 855,762 486290 73,3196 1678,74 66,821

6 17,2758 73,46290 362,577 332,833 760,955 834,513 3167 73,3619 1677,79 66,376

7 17.812% A, 13168 362,577 329,482 733,582 815,071 w2141} 73,397y 1677,03 6% ,987

[ 18,3366 102,82006 362,577 325,762 719,796 797,161 41196 73,4265 1676,43 65,651

L 18,8500 117.50864 342,577 321,637 7014370 780,564 +40320 73,4509 1675,98 68,365

STREAML INE RELATIVE RELATIVE RELATIVE RELATIVE
STREAML INE STATIC SYATIC SLOPE STREAML INE ALAVE RELATIVE MACH TOTAL TOTAL FLovw

NUMBER PRESSUKE  TEWPERATURE ANGLE CURVATURE  VELNCITY VELOCITY NUMBER PRESSURE  TEMPERATURE ANOLE
(PS1) (DEG R) (DEG) (PER 1N} tFPS) (FPS} tPSI) (DES ®) (DEG}

1 61,%018 1616,07 1,528 0,00000 579,779 472,478 24519 64,4301 1632,52 43,536

2 62,6438 1618,70 4,175 6064024 432.123 22400 64,8165 1632,46 37,628

3 6343509 1620,9% 6,696 a31,012 400,187 20730 65,1938 1632.7% 31,299

. 83,9288 1622 .95 9,112 54 965 375,893 19465 65,5654 1633,36 24 579

5 64,4355 1624,77 11,44] 78,058 358,643 «16561 65,9342 1634,25 17,543

[ 64.0044 1626,47 13,698 700,429 347.0883 «1799% 66,3022 163%,.39 10,307

7 65,2857 1628 07 15,893 722,191 343,018 JATTIS 66,6709 1636, 74 3,022

] 65,6072 1629 .60 18,037 -«00000 743,439 343,192 17746 67,0419 16238,29 w151

9 65.,97s1 1631,08 20,138 =,00000 764,254 348,30} 17991 67,4161 1640,.02 =11,082

es ROTOR 3 MIXED AND/OR COOLED QUANTITIES -®e

ABSOLUTE ABSOLUTE RELATIVE RELATIVE

STREAM SNE TOTaAL TOTAL TOTAL ToTAL
NUMgeR PRESSURE TEHPERATURE ®RESSURE TEMPERATURE
tPSI) tDEG R) PS1) {DES ®)
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STREAML INE
NUMBER

OB~ VFrWN ~

STRE AML INE
NUMGER

BBAP RS WN -

RaUIAL
PCSITION
tin)

143400
5¢953
l .9355
1003905
17,0241
1762392
1862386
1H,6248
19,4000

STaTIC
PRESSURE
{PS1Y

56,9548
56,9694
56,9826
56,9942
57,0041
5740125
5740198
87,0256
57,0306

STREAMLINE
NUMEER

¥aASS5=FLOW
FUNCTION
(LRM/SEC)

0,00000
‘6-60731
29.37463
44,0019
SR Ta924
734423655
RAL122386

102,81117
117,49647

SYATIC
TEVPERATURE
(DEG R)

1508 84
1585,73
15083.20
1581,21
1579,69
1578,53
1577.66
1577 08
1876,63

STATOR
REACTION

OONOVLrWN -

MERIDIONAL
veLocITy
(FPS)

332,026
3324026
332.02%
332026
33z,02¢
3324020
3324026
332,026
332,026

STREAML INE
SLOPE
ANGLE
{DEG)

1,528
4,150
6,658
9,068
11,399
13,661
15,865
18,021
20,136

ROTOR
REACTION

73.0304
73,127
73,2048
13,2678
73,319
73.3619
73397}
T3.426S
73,4509

16R5.)0
16R3+05
16R1,33
1679,91
1678,74
1677479
1677¢0d
1676043
1675,98

e* STAGE EXIT

AXTAL
VELOCITY
{FPS)

331.%08
33 55
325:’87
327,876
325,877
322.633
319,378
315,737
11,733

STREAMLINE
CURVATURE
(PER IN)

+00000
00000
200000
400000
200000
+00000
+00000
.00000
.00000

WHIRL
VYELOCITY
(FPS)

=121.519
=12 -385
-"9 9 e
=11372
-{30 928
«103e411
«97.679
«91,877
86,063

BLAVE
VELOCITY
(FPS)

581,401
610,318
#37.958
A64,536
690,224
7154163
739,467
763,236
786,553

64,4301
64,8165
65,1938
65,5654
65,9342
66,3022
6646709
67,0419
67,4161

ABSOLUTE
vELOCITY
{FPS)

353,565
3534378
3524328
3514028
349 437
347,757
3460096
384,503
342,999

RELATIVE
VELOCITY
(FPS)

777,392
802,604
825,537
846,312
865,382
883,349
900,586
917,311
933,649

®e STAUE 3 PERFQRMANCE o®

STATOR
PHESSURE
SS

ROTOR
PRESSURE
0SS

STATOR
BLADE ROW

1632,52
1632,46
1632,75
1633,238
1634,25
1635,39
1636074
1638,29
1640,02

ABSOLUTE
MACH
NUMBER

18469
218487
«18437
«1838)
.183¢06
«18225
«18143

.18963

17987

RELATIVE
MACH
NUMBER

+*0609
.41957
43201
44310
45336
226294
47211
,48997
48960

ROTOR
BLADE ROW

Lo
coEFFlclENV COEFFICIENY EFFICIENCY EFFICIENCY

86

ABSOLUTE
TOTAL

PRESSURE
(PSI)

58,2711
58,2860
58,2952
58,2989
58,2984
5R, 2954
58,2911
58,2659
58,2893

RELAT]IVE
ToTaL

PRESSURE
(PS1)

63,5299
64,0134
64,4680
64,8916
65,2897
65,6722
6640458
66,4185
66,7806

a0TOR
ISENTROPIC

ABSOLUTE
T0TaL
TEMPERATURE
(DEG Ry

1598,1%
1595, 02
1592.45
1590.40
158679
1587,54
1586,59
1585 88
1585 39

RELATIVE
TOTaL
TEMPER,ATURE
(0EG Ry

1633,87
1633 .73
1633,99
1634,59
1635 49
1636,67
1638,10
1639 .74
164159

STagE
ISENTROPIC

EFFICIENCY EFFICIENCY

ABSOLUTE
FLOW
ANGLE

(DEG)

«20,109
-19.978
-19,607
19,

ekl
al7.772
=17.006
-16,225
-15,434

RELATIVE
FLOW
ANGLE

{DEG)

«64 ,724
«65,620
-66,427
-67,160
«67,840
«88,489
=59,118
=69 734
.10 343



1 «3d04a) 50777 «10348 016287 e91533 «HE69AS «9240) 86620
2 «399a7 253840 «10165 013973 091611 «8895 93275 +B8786)
3 oAl ]AT7 v48aT6 10025 012764 « 91669 »90358 093913 MLLLTY]
~ .42299 Hee153 09918 .10893 J91708 .71367 94340 +89566
k] «432%7 e#1443 « 09438 «10163 91723 «%2021 «94580 «90066
] 44272 +39382 »09780 09550 «91746 «F2444 94697 «90411
7 «45195 «38080 «09741 09328 091747 92712 94721 «90638
L4 «4607¢ «37435 09722 «09113 91736 928067 194674 «90769
9 246923 937305 209721 . 08908 «91713 +92935 94567 «90820
® MASS=AVERAGED QUANTITIES e
STATOR 8LADE-ROW EFFICIENCY = «91697
ROTOR BLADE~ROW EFFICIENCY w +91329
STAGE WORR = 24,133 BYU PER LBM
STAGE TOTAL EFFICIENCY = «R9607
STAGE STATIC EFF{CIENCY = 82225
STAGE BLADE= TO JET=SPEED RATIO e «56263
se STATOR 4 MIXED AND/OR COOLED GQUANTITIES ®e
ARSOLUTE ABSOLUTE
STREAML INE TOTAL TOTAL
NUMBLR PRESSVURE  TEMPERATURE
(psly (DEG R}
1 58,2711 1598,15
2 58,2560 1595.02
3 58,2952 1592045
& 58,2989 1590440
E] 58.2984 1508479
6 58,2954 1587.54
7 58,2911 156459
8 58,2859 155,88
9 58.2803 15R5439
o® SYATOR EXIT = ROTUR INLET & se
ABSOLUTE ABSOLUTE ABSOLUTE ABSOLUTE
STREAMLINE RaOIAL MaSS=FLOW MERIDIONAL AXIaL wHIRL ABSOLUTE MACH TOTaL TOTaL FLOW
NUMBER PoSITION FUNCT1ON VELOCITY VELOCLITY VELOCITY vELOCITY NUMBER PRESSURE TEMPERATURE ANGLE
tin) {(LHM/SEC) {FPS) {FPS) {FPS) {FPS} tPS1) {QEQ R} {DEC}
1 14.3800 000000 330,115 329,998 966,671 1021.48) 54547 57,1546 1598,1% 71.19)
2 1502001 146888, 330,119 329.200 919,436 976,903 «52107 $7,2806 1595,02 70,300
3 15,9695 29.377¢s 330,118 327,767 879,160 939,094 250043 57,3779 1592 ,46 69,556
4 16,698% 44, 06647 330,115 325,801 nes lo2 906,358 +4B8260 57,4541 1590,40 68 _89%
s 173987 50, 75529 330.115 323,373 13,100 877,558 46693 57,5145 1588,79 08,312
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6 1He0h3% 73.464]] 330,115 320.538 785,340 8514901 +45298 57,5630 1587,54 67,797
7 1#e710b RA,13293 330.115 317,334 760,229 828,809 44042 87,6026 1586,58 67,343
a 193382 102.82175 330.11% 313,793 737.315 807,843 «42902 57,6352 1585,87 66,948
Y 19.%500 117.51058 330.115 309,937 716,268 78R, 662 41859 $7,6622 1505,39 66,60)
STREAML INE RELATIVE RELATIVE RELATIVE RELATIVE
STREAML INE €TaTiC STATIC SLOPE STREAML INE BLADE RELATIVE MACH TOTAL TOTaAL FLOW
AUMRER PRESSURE  TEMPERATURE ANGLE CURVATURE  VFLOCITY VELOCITY NUMHER PRESSURE  TEMPERATURE ANGLE
(PSI) (DEG R) (DEG) (PER IN} (FPS) (FPS) (PS1) (DEG R) (DEG)
1 47,0303 1520,39 1,528 0,00000 583,022 S06,126 27027 49,3810 1539 .48 49,299
2 47,9265 1523,90 4,267 -, 00000 16,273 se8 201 .239006 49,7933 1538 87 42 642
3 48,6630 1526 74 6,838 -,00000 na7 867 403,308 21492 50,1908 1536 8¢ 35,256
. av.2818 1529,19 9.273 =+00000 677,024 369,988 «19701 50,5794 1539,39 27.1%0
) 49.H8107 1531040 11.599 =.00000 705.251 347.286 «18478 50,9632 1540,239 10.448
3 50,2094 1533,45 13,835 -,00000 732,382 334,336 AT777 51,3482 1561,78 9,302
1 50,6718 153%5,39 15,995 -, 00000 758 598 330,119 17562 51,7276 1543 51 294
] 51,0285 1537 24 18 092 -,00000 784 048 333 406 L17700 52,1119 1545 83 -8 471
9 51,3475 1539,04 20,136 »00000 ROA. 852 342,858 «18197 52,499 1567,89 16,633
ss ROTOR & MIXED AND/OR CUOOLED WUANTITIES ®s
ABSOLUTE ARSOLUTE RELATIVE RELATIVE
STREAML INE TOTAL ToTAL ToTaL TOTAL
NUMBER PRESSURE TENPERATURE PRESSURE TEMPERATURE
tPS1) (0EG R} (PST) (DEG /)
1 57,1546 1598415 49,3810 1539.48
2 572806 159502 49,7933 1528.87
3 57,3779 1592,46 50,1908 15368,86
4 57,454) 1590440 50,579 1539 ,3¢9
5 57,5145 1508,79 50,9632 1540,39
6 57,5630 1587,54 51,3452 151,78
7T 57,6026 1566,58 5y, 7276 1543,51
a 57,6352 1585,87 52,1119 155,53
9 57,6622 1585,39 52,4994 15647,80
@® STAGE EXIT & #e
ABSOLUTE ABSOLUTE ABSOLUTE ABSQLUTE
STREAMLINE RaDlalL NpSS=FLOW MERINIONAL aXlaL WHIRL ABSOLUTE MaCH ToTaL TOTaL FLOW
NUMBER PCSITION FUNCTION VELOCITY VELOCITY VELOCITY VELOCITY NUMBER PRESSURE  TEMPERATURE ANGLE
tIN) (LAM/SEC) (FPS) (FPS) tFPS) (FPS) (PShH (DEG M) (0EQ)
1 14,4200 000000 339,227 330,109 -117.739 3%0.568 «18840 44,2649 1504,68 19,630
H 1542991 16.68714 330,227 329,332 =119,345 351,131 18900 44,2860 1499,.97 -19,920
3 16,1305 29,37428 339,227 327,929 =110, 268 359,759 18903 a8 2994 1496 .21 «19,029
. 1609232 48.00)14] 330.227 325,989 9 349,536 «18855 44,3054 1493,30 «19.3
(] 1746839 58,7485, 3304227 323577 2 347,709 10774 4403059 191,13 =10,
[y 18,4180 73,43%67 330,227 320,744 -102,%12 345,09] J1068] 44,3035 1409 %9 -17,769
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o~

STREAML INE
MUMGER

QP NS VP WN -

1901299
198229
20,5000

STaTIC
PRE SSURE
(PSI}

43,2209
43.,23%0
43,2477
43,2587
43,2601
4342759
43,2023
4302876
43,299

STREAMLINE

AUMBER

GBAC RPN -

RrB.12200
102.80993
117,49705

sTaT1c
TEXPER TURE
(DEG R}

1495,4]
1490,68
1486,94
1484 09
1482,00
1880,48
1679,39
1476,65
1878, 2

STATOR
REACTION

+34613
36152
»379)8
+38729
3989
14082}
41788
2420648
h309)

330.227
3304227
339,227

STREAM INE
SLOPE
ANGLE
(pEG?

1,528
4,218

204138

RoTOR
REACTION

«65211
+55333
48019
42718
*399236
36677
35402
34996
+35259

317.525
313,950
30,002

STREAML INE
CURVATURE

(PER IN)

=,00000
«+00000
«,00000
«,00000
~aU0000
«00000
.00000
«00000
200000

«96.4047
«89,%,)
83,469

B8LADE
veLoclty
tFPS)

504,044
620,267
653,996
6Be, 128
716,976
7664741
775,600
803,698
833,152

Jes.02)
3424256
340,612

RELATIVE
VELOCITY
(FPS)

776,139
810,003
839,887
866,126
889,655
911.570
932,479
952,701
972,409

#e STAGE & PERFORMANCE oo

STATOR ROTOR
PRESSURE PRESSURE STATOR
LOSS LOSS BLADE ROW
COEFFICIENT COEFFICIENT EFFICIENCY
el1023 «10833 «91197
«10743 +15198 «91310
«10521 .12618 91492
210334 «11092 291483
10175 *10195 291554
010043 « 09629 091612
09936 « 09288 291656
«0965) +09061 «91687
«09792 «08931 «91705

& MASS=AVERAGFD QUANTITIES o

STATOR BLADE=ROW EFFICIENCY

ROTOR BLADE=ROW EFFICIENCY

STAGE WORK

STAGE TOTAL EFFICIENCY
STAGE STATIC EFFICIENCY
STAGE BLADE= TO JET=SPEED RATIO

91519
91123

25,075
89561
*82723
«56574

+18587
«10497
18411

RELATIVE
MACH
NUMBER

41709
243598
45264
J6T22
«48025
49234
50382
251487
52560

ROTOR

BLADE ROW
EFFICIENCY

85328
«8804]
«90011
«91200
92077
«92549
92832
«92988
«93049

ATV PER LEN

@ STATOR S MIXED AND/OR COOLED QUANTITIES ®e

89

44,2997
44,295)
44,2901

RELATIVE
TOTaL

PRESSURE
{PSI1)

48,5172
49,0870
49,5371
49,9842
50,3973
50,791%
51,1760
51,5555
51,9327

ROTOR

ISENTROPIC
EFFICIENCY

91917
*93041
.9388)
98816
294693
094812
09482]
«94731
294618

1488,y
1487,.48
1486,95

RELATIVE
TOT4L
TENPERLTURE
(DEG R}

1560,.81
150,13
1540,10
1540 62
1561,6%
1543,10
1544 ,92
1567,0%
1549,47

STAGE
ISENTROPIC

EFFICIENCY

«85639
«87234g
«88637
<8956
«90177
«9059%0
«9085)
91008

16,896
-)5,986
«15,068

RELATIVE
FLow
aNGLE
(DEG)

64,827
-65,998
“668,992

270,663
71,274




ARSOLUTE ABSOLUTE

STREAML INE TOTAL TOTAL
NUMHER PRESSURE  TEMPERATURE

(PSI) {DEG R)
1 48,2049 1504,68
2 44,2060 1499.97
3 64,2998 1496,21
N 46,3054 1493,30
5 44,3059 1491412
6 48,3035 1489,5g
7 44,2997 1488.3]
8 44,2951 1648748
9 44,2901 1686,95

#e STATOR EXIT = ROTOR INLET 5 @

ABSOLUTE ABSOLUTE ABSOLUTE ABSOLUTE

STRE AML INE fablal MsSS=FLOW MERIpIONAL AXlal wWHIRL ABSOLUTE MaCH TOTaAL TOT,L FLOW
NUNGER PCSITION FUNCTION VeLOCITY VELOCITY VELOCITY VELOCITY NUMggR PHESSURE TEMPER,TURE ANGLE
tIN) (LR®/SEC) (FPS) (FPS) (FPS) (FPS) (PSI) (DEG R) (DEG)
i 14,4600 2400000 352,A59 352,733 1173,362 12254279 «68259 42,9559 1504,67 73,208
2 154795 14.6A754 352,859 351816 1102.%02 1157.973 64340 43.13% 1499,95 72,308
3 144139 29437548 357,859 35¢.195 1g4556 1103498 51192 43,2763 1496,22 714483
. 17e28az AL 06262 352,859 381,017 97436 105790 58572 433804 1493,3) 70,764
5 11,1044 §1,75¢16 452,859 345,379 955,990 1018,947 96334 43,4613 149) 12 70,135
® 18,8845 73,4377¢ 352,859 342,345 919,578 984,954 542398 43,5254 1489 49 66,589
7 19.6319 AR, 12524 352,859 338,965 A8T.311 954,994 «52668 43,5774 1488,3¢0 69,092
8 2043523 102+81278 352,059 33%.27) R58,3,3 9284915 51132 43,5201 148746 68,664
? 210500 117.50032 352,859 3334291 A32,00l 9934734 49745 43,6556 1486 ,94 68,288
STREAML INE RELATIVE RELATIVE RELATIVE RELATIVE
STAE amL INE 5T4T1C STatTic SLOPE STREAML INE |LALE AELATIVE MACH TOoTaL TaTaL FLOW
NUMBER PRESSURE TEMPERATURE ANGLE CURVATURE VELOCITY VELOCITY NUMBER PRESSURE TEMPER, TURE ANGLE
(MST) {NEG R) {DEG) (PEH IN) (FPS) (FPS) (PSI} (DEG R) (DEG)
1 31,7535 1391,53 1,528 0,00000 586,260 684,975 «38160 34,9876 1426 ,89 59,002
H 32,9452 1398,90 4,406 0,00900 627,601 591.963 32891 35,4169 1425,3{ 83,493
3 31,4842 1404 ,45 7,045 0,00000 665,685 518,620 ,28759 35,8160 1624 72 47,343
. 34,6491 1408,9% 9,502 0,00000 700,769 460,955 .25520 36,1961 1424 97 40,439
L] 35,2875 1412,87 11,818 0,00000 734,024 16,819 «23045 36,5684 1425 97 32,117
6 35,8307 1416 .38 14 021 0,00000 765,653 384,970 21257 36,9352 1427 55 24,210
? 36.3001 1419,.58 16,132 0,00000 795,956 J54,492 20104 37,2998 1629,59 15,083
] 3647309 1422,56 18,166 0000000 825,162 354,412 219528 37,6682 1432,03 8,067
9 1749743 142%5,39 204136 000000 A53,45] 3534510 19458 38,0302 1434,8) 3,704

ss ROTOR S MIXED AND/OR COOLED GQUANTITIES ee
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AHSULUTE ARSOLUTE RELATIVE RELATIVE

STREAML INE TOTAL TOTA TOTAL TOTAL
NUMRER PRESSURE  TEMPERATURE PHESSURE  TEMPERATURE

(PS1) (DFG R) (PSIH (DEG R}
1 42,9950 150867 34,9876 1426,089
2 43,1394 1499495 35,4149 1425.31
3 43,2763 1496,22 35,8140 1824 ,72
. 43,3504 1493,31 36,1961 1424 ,97
5 43,8013 1491,12 36,5684 1425,97
[] 43,5254 1489,49 36,9352 1427,55
7 43,577a 1488,30 37,2998 1429,59
8 63,6201 1487 ,40 37,6642 1432,03
9 43,6556 1486,94 38,0302 1434,8)

®s STAGE EXIT S ®e

ABSOLUTE A8SOLUTE ABSOLUTE ABSQLUTE

STREAMLINE Gauviay MASS=FLO* MERIDIONAL AXIAL wWHIRL ABSOLUTE MACH TOTAL TOTAL FLOW
MUMBER PCSITION FUNCTION VELACTITY VELOCITY VELOCITY VELOCITY NUMAER PRESSURE TEMPERATURE ANGLE
(N (LBM/SEC) (FPS) (FPs) (FPS) (FPS) (PS1) (DEG Ry (DEG)
1 14.5000 0.00000 350.122 349,998 47,008 353,264 19607 32,2324 1405.88 7.650
2 12.55¢8 14.6066] 35¢.122 349,143 27,604 351.209 19542 32,2283 1398,72 4,52
3 1045176 29.37321 3594122 347,619 15,223 3504453 «1954¢ 32,2284 1393,06 2.5q8
a 17,4685 44,059R2 354,122 345,912 7,967 359.213 19557 32.2301 1388,62 1321
S 17,3558 5A,74643 350.122 342,939 4,176 3504147 +19578 32,2318 1385,23 2098
[} 192068 73.43393 35q.122 339,922 3,245 350,137 +19595 32,2333 1382.73 587
7 2040282 RA,]1964 3%p.122 336,51) 4,660 3%5p.153 «19608 32,2344 1389.99 <793
[ ] 2008200 102+80024 359.122 332,769 T.529 3504203 «196)19 32.2354 1379,84 1.296
9 2148000 117.49288 3504122 320,72 110198 350,301 «1963p 32,2363 1379,1¢ 1.9%)
STREAML INE RELATIVE RELATIVE RELATIVE RELATIVE
STREAML INE sTav¥ic STavlc SLOPE STREAML INE BLADE RELATIVE MACH TOTaL TOTAL FLOW
NUMRER PRESSURE TEVPERATURE ANGLE CURVATURE  VeLOCITY VELOCITY NUMAER PRESSURE TEMPERATURE ANGLE
(PS1) (DEG R) (DEG) (PER IN) (FPS) (FPS) (PS1) (DEG R) (DED)
1 31,4089 1396,3¢ 1.520 200000 587,888 644,310 35760 34,2150 1428,01 «57,093
2 31.4082 1389,32 4,287 «00000 630,571 697,240 238796 34,7321 1626,38 «59,927
3 31,4086 1383.7¢ 6,868 «00000 670500 7424950 h1623 35,2178 1425,77 -62,055
L3 31.4987 1379,28 9.308 »00000 Tol.241 782,924 43722 35,6730 1426,00 63,738
5 31,4087 1375,88 11,633 «00000 744,209 810,679 #5775 36,1043 1426,97 «6%,137
[ 3j04087 1373,39 13,0864 +00000 778,720 850,850 07617 1428,.57 «66,330
7 31,4087 1371,68 16,017 +00000 n12,021 880,010 49280 1430,68 «67,372
[ 3l.4087 1370.50 18,104 «00000 844,311 907.077 «50817 1433,.21 -68,312
* J1e4000 1369,.8) 20,138 «00000 a75.7%90 932,757 «52269 1436.12 49,182

oo STAGE 5 PERFORMANCE oe
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STATOR ROTOR

PRESSURE PRESSURE STaTor ROTOR ROTOR STAGE
STREAMLINE STATOR ROTOR LOSS LOSS BLADE ROw BLADE ROW [ISENTROPIC ISENTROPIC
AUMGER REACTION REACTION  COEFFICIENT COEFFICIENT EFFICIENCY EFFICIENCY EFFICIENCY EFFICIENCY

1 +286123 1.06311 11890 «30720 «91306 «T7047 91192 «0287s

2 +30323 +84900 o1126] «23290 091429 »82520 «92371 «85033

3 31786 89806 10888 «18279 «91555 «86066 +93393 06794

. 33039 58876 10591 L14772 91665 ,88720 94236 .08220

5 034332 50914 «10333 12281 91769 «90883 94902 +2930)

® 35117 45245 010114 «10664 91861 «92009 «95346 «90239

7 +36027 81419 «09929 09763 +91939 92791 +95560 90809

8 « 306080 «39072 209774 «092235 «92004 093216 950600 291168

9 37689 37899 09645 208923 92056 «93428 95542 91370

® MASS=AVERAGED QUANTITIES @

STATOR BLADE=ROW EFFICIENCY = 291739
ROTOR BLADE=ROW EFFICIENCY = +88955
STAGE WORK 27,665 ATU PER LBM
STAGE TOTAL EFFICIENCY +88588

L ]
.
STAGE STATIC EFFICIENCY = »82192
STAGE BLADE~ TO JET=SPEED RATIO = *86591
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*8® SPOOL 2 PERFORMANCE SUMMARY (MASS«AVERAGED QUANTITIES) ®ee

STASE
STATOR ROTOR STAGE STAGE BLADE= 10
STagE BLADE=-ROW  BLADE=-ROW STAGE TOTAL STAYIC JET=-SPEED
AUMBER EFFICIENCY EFFICIENCY wORK EFFICIENCY EFFICUENCY RATIO
(ATY/LAM)
1 «92805 91681 200842 89082 76678 «S4116
2 «91557 +91308 224451 +89148 00440 +55536
3 91697 91329 24,133 «R9607 82225 56263
4 91519 91123 25+875 +8956] 282723 «56574
s «917239 +88955 27.665 «AB588 82192 »5689)
SPOOL WORK = 120,967 RTU PER LBM
SPOOL POWER ® 20110413 HP
SPOOL TOTAL= TO TOTAL=PRESSURE RATIO =  3,4485)
SPOOL TOTAL~ TO STATIC-PRESSURE RATIO =  3,53895
SPOOL TOTAL EFFICIENCY = 90448
SPOOL STATIC EFFICIENCY = «08873
SPOOL OLADE= TO JET=SPEED RATIO = 20144
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88 QVERALL PERFORMANCE SUMMARY (MASS=AVERAGED QUANTITIES) ®ee

OVERALL WORK = 269,647 BTU PER L BM
OVERALL TOTAL® TO TOTAL=PRESSURE RATIO :® ]10,62298
OVERALL TOTAL= TO STATIC=PRESSURE RATIO & 190,90150
OVERALL TOTAL EFFICIENCY = 093764
OVERALL STATIC EFFICIENCY = 93019
OVERALL BLADE® TO JET=SPEED RATIO w 027066
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APPENDIX |1

OVER-ALL PROGRAM LOGIC

Program TD2 is composed of a main routine and nineteen subrou-
tines. Fifteen subroutines can be classified as specialized subroutines;
they are INPUT2, STRAC, SPECHT, P@WER2, STRIP, STRVL2, VMNTL2, RADEQ2,
DERIV2, VMSUB2, REMAN2, SETUP2, @UTPUT, START, and L@SCPR. The remaining
four subroutines are classified as general service subroutines; they are
ITAPY, SLOPE, RUNGA2, and SIMEQ. Detailed operational information on
each of these subroutines is given in later appendices to this volume.

In this section, the over-all solution procedure is described and illus-

trated by a flow diagram.

Over-Aill Solution Procedure

The over-all design analysis proceeds from known inlet condi-
tions station by station through the turbine. The basic calculations are
performed using grid points within the flow field which are defined by an
even number of equal-flow stream filaments. Since initially the flow dis-
tribution is unknown, the initial streamline positions are estimated from
equal areas for each filament. Hence, streamline positions have to be re-
located after each solution of radial equilibrium and continuity until a
converged solution for streamline positions has been obtained. Included
in this major iterative loop will be an iteration on streamline values of
total-pressure-loss coefficients when the internal correlation is employed,
and on stage power output when meridional velocity gradients are specified
at rotor exit design stations.

+ When the meridional velocity satisfies the radial equilibrium
equation, the specified design variables, and the continuity equation
within a preset tolerance, new streamline positions, and where applicable,
loss coefficients and meanline total temperature drop are obtained. Re-
vised values of the streamline dependent variables required for the co-
efficients of the four differential equations are then obtained. The

solution of the radial equilibrium and continuity equations is then
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repeated until the streamline positions, loss coefficients, and stage power
output have converged to within preset tolerances.

Having obtained the basic solution at one design station, stream-
line values of all the relevant aerodynamic parameters in both relative
and absolute reference systems are readily obtainable using conventional
turbine design procedures. Among the quantities computed will be those
necessary as input for the solution of the flow field at the following
design station. These will include, where applicable, revised streamline
values of total pressure and total temperature when the addition of cool-
ant flow and/or interfilament mixing has been specified for the downstream
blade row.

From the point of view of a numerical solution, the following
design stations are solved in an identical manner. The only basic dif-
ferences between stations and input options are in the evaluation of the
streamline coefficients of the set of four differential equations and in
the selection of the initial estimate of the meridional velocity.

Because it is possible to have two solutions to compressible
flow problems, it is advisable to commence the simultaneous solution of
the radial equilibrium and continuity equations at a streamline which is
most representative of the flow in the annulus. Hence, a mean streamline
is selected, which equally divides the flow in the annulus. |In practice
this selection complicates the logic of the computer program in that the
solution of the meridional velocity distribution has to proceed to each
of the two boundary streamlines in turn. Nevertheless, for stator exit
planes in particular, the variation in absolute Mach number across the
annulus will be sufficiently large that convergence of the required solu-
tion will be best achieved when the meridional velocity is reestimated
at the most representative streamline for the flow field.

When the flow angle is specified, for example at the first sta-
tor inlet or stator exit planes, both subsonic and supersonic solutions
are possible. At stator inlet it will be assumed that only the subsonic
solution is of interest, and the initial meridional velocity will be se-
lected to correspond to a Mach number of 0.L4. At stator exit planes, it

will be necessary to specify which of the two solutions is required. |If
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the subsonic is chosen, the initial estimate of meridional velocity will
be based on a mean Mach number of 0.8; for supersonic solutions the start-
ing point of the flow iteration will be a Mach number of 1.2,

When a meridional velocity gradient and meanline tangential ve-
locity or stage work output are specified at stator or stage exit planes,
two solutions are again possible., However, only one is of real interest,
since the second will correspond to a design in which the axial component
of velocity is supersonic. For these cases the first estimate of meridio-
nal velocity will be based on a stator exit angle of 60 degrees or a rotor
relative exit angle of -60 degrees. For all design analysis of practical
interest, the numerical solution will converge to that for which the axial
component of Mach number is subsonic even though the absolute Mach number

may be either subsonic or supersonic.

Flow Diagram

An over-all flow diagram for Program TD2 is given on the fol-
lowing pages. This diagram is intended to illustrate the purpose of each
section of the program and the general relationship between the sections.
Detailed descriptions of the actual equations employed, the various
COMM@N blocks, the main routine, and each of the subroutines are pre-
sented in the remaining appendices to this report.

|t can be seen that the main routine directs the over-all se-
quence of the calculations while Subroutine RADEQ2 supervises the compu-
tation of the meridional velocity distribution. The logic flow is organ-
ized into five major nested loops, numbered 1 through 5 on the flow dia-
gram. The outermost loop (1) is performed, in turn, for each turbine to
be analyzed. The next loop (2) within the nest is performed, in turn,
for each spool of the turbine or, if there is only one spool, for each
set of analysis variables. The next loop (3) is performed, in turn, for
each design station of the spool. The iterative determination of stream-
line positions and, where applicable, pressure-loss coefficients and mean-
line total temperature drop constitutes the next loop (4). The innermost
loop (5) shown on the flow diagram is the iterative determination of the

meridional velocity at the mean streamline which satisfies continuity.
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In addition, within this loop at various stages of the calculations are

loops performed for each streamline of the design station.
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Loop 1

Loop 2

Loop 3

MAIN ROUTINE

Begin loop on turbines
to be analyzed

!

[Eead general input data

)

Begin loop on spools of
the turbine or sets of
analysis variables

1

If this is the first or
only spool, print gen-
eral input data

Y

Convert general input
into a consistent set of

units
T

Read spool input data
and call Subroutine Subroutine INPUT2
INPUT2 .ﬁPrint spool input data
]
)

Convert spool input into
a consistent set of units

!

If values of streamline
angle of inclination and

Subroutine STRAC
Obtain hub and casing

call Subroutine SPECHT

OVER-ALL FLOW DIAGRAM FOR PROGRAM TD2

curvature have not been P4 values of the streamline
specified, call Subrou- angle of inclination and
tine STRAC curvature

= T
Begin loop on the design
stations of the spool

Subroutine SPECHT

Set the mass flow and N Obtain required values

of specific heat and re-
lated parameters

®
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Loop 4

Main Routine (cont.)

Y

Call Subroutine STRIP

®

Subroutine STRIP

Fﬁ-Obtain initial estimates

of the streamline posi-
tions

Y

Convert certain design
station data to the re-
quired logical format

t

If the internal loss
correlation is speci-~
fied, obtain initial es-
timates of the pressure-
loss coefficients

t

Begin loop on estimates
of streamline positions
and, where applicable,
pressure-loss coeffi-
cients and stage power
output

l

Call Subroutine STRVL2

Subroutine STRVL2
Obtain streamline values
of items required for the
solution of the radial
equilibrium equation

ot Subroutine [1API

e— Obtain an interpolated
or extrapolated value of
a dependent variable

'y

Y

Unless this is the first
estimate of streamline
positions when the inter-
nal correlation is em-
ployed, call Subroutine

Subroutine L@SCER
Calculate streamline val-
ues of loss coefficient
from either the correla-
tion or the values speci-
fied in the input data

Subroutine SL{PE
Obtain tabulated values
of the derivative of a
function

Subroutine SL@PE
(see above)

LE!

T—

L@SCER

If this is a stage exit
design station, call
Subrotuine P@WER2

Subroutine P@WER2
Obtain an estimate of the
meanline total tempera-
ture drop across the ro-

tor
r

I

OVER-ALL FLOW DIAGRAM FOR PROGRAM TD2 (CONTINUED)
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Loop 5

Main Routine (cont.)

: —®

If this is the first es~
timate of streamline po-
sition, call Subroutine

Subroutine VMNTL2
Obtain initial estimate
of the meridional ve-
locity at the mean stream-
line

VMNTL2

Begin loop on estimates
of meridional velocity
at the mean streamline

—~

1

LCall Subroutine RADEQ2

1]

If required, print out-
put of the calculation
of the meridional ve-
locity distribution

Subroutine RADEQ2
Control the logic flow of
the determination of the
distributions of the prin-
cipal unknowns, and ob-
tain streamline values
of the mass flow func-

LX)

Subroutine START
Obtain consistent mean-
iine values of the three
remaining principal un-
knowns, based on the cur-
rent estimates of mean-
line meridional velocity,
and where applicable,
pressure~loss coeffi-
cient and rotor total
temperature drop

S |

tion
X!

Subroutine DERIV2
Store values of the prin-
cipal unknowns and the
mass flow integrand for
the hub and casing
streamlines

Subroutine RUNGA2
Obtain the solution of a
system of linear differ-
ential equations across
a streamtube

X

Subroutine |1API
(see above)

LX]

If the determination of
meridional velocity at
the mean streamline has
not converged, call
VMSUB2 and return to
start of loop

| X

Subroutine VYMSUB2
Obtain a new estimate of
the meridional velocity

Subroutine DERIV2
Obtain values of the de-
rivative of the princi-
pal unknowns with respect
to radius for specified
values of the principal
unknowns and radius.
Also, for interior stream-
lines, store values of
the principal unknowns
and the mass flow inte-
grand

iy

Y

Exit loop if this is the
converged estimate of
streamline positions and,
where applicable, pres-
sure-loss coefficients

Y

and stage power output A;q.

Subroutine SIMEQ
Obtain the solution to a
set of simultaneous linear
algebraic equations

If required, call Subrou-
tines REMAN2 and @gUTPUT

Subroutine REMAN2
Calculate the remaining
streamline values to be
printed

)

®

Subroutine GUTPUT
Print output of the cal-
culations which satisfy
continuity

OVER-ALL FLOW DIAGRAM FOR PROGRAM TD2 (CONTINUED)
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Main Routine (cont.)

—®
Obtain new estimates of Subroutine I1AP1

streamline positions and (see above)
check for convergence

1

Return with new estimates

E to start of loop
Call Subroutine REMAN2 - Subroutine REMAN2
(see above)
o

Subroutine SETUP2
Calculate values required
as upstream conditions for
[Ca]l Subroutine SETUP2 ;J- the next design station

and mass averaged values

3 | T
Call Subroutine GUTPUT
T Subroutine @GUTPUT
Print the converged re-
Return for next design | sults at the design sta-

station tion

Y

If there are further sets
of analysis variables, re-
convert the input data
into the original units

1

Return for the next spool
or the next set of analy~
sis variables

1

Return for the next case 4]

Q@

@

OVER-ALL FLOW DIAGRAM FOR PROGRAM TD2 (CONTINUED)
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APPENDIX 111

CALCULAT ION_PROCEDURE AND NUMER ICAL TECHNIQUES

The development of the analysis method has been presented in the
earlier sections of this report. |In the following, the program operation
is considered as 77 individual steps in a linear progression of the analy-
sis. Following the step number, the portion of the program in which the
step is executed is identified by either TD2, which is the main program,
or the name of the subroutine. The numerical techniques for interpola-
tion, extrapolation, differentiation, integration, the Runge-Kutta method
for the-forward-step solution of ordinary differential equations, and the
solution of simultaneous linear equations are discussed later.

1. TD2 - The values of certain constants used in the calcula-
tions are set. These constants inciude conversion factors,
tolerances and upper limits of iteration loops, and tape
assignments.

2. TD2 - Begin case loop on the analysis of a turbine; steps 3
through 77 are performed for each case.

3. TD2 - The general input items for the case are read into the
program. These items include the general indicators and the
general design requirements.

L, TD2 - Streamline values of a nondimensional mass flow func-

tion are calculated from

wJ' : (J—')/('n.—s) J= hL2,--- n

where ' is the nondimensional mass flow function, J is
the streamline index, and . is the number of streamlines
used in the calculations. |t can be seen that w’ varies
from 0 at the hub (the first streamline) to 1 at the casing
(the 'nr“

contains the same amount of flow.

streamline) so that each streamtube, by definition,
5. TD2 - Begin loop on the analysis of a spool; steps 6 through

76 are performed for each spool of the turbine or, if there

is only one spool, for each set of analysis variables.
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7.1.
7.2.

7-3.

TD2 - If this is a single-spool turbine or the first spool
of a multispool turbine, print the general input items and
convert the items into a consistent set of units.

TD2 - Read the spool input items,

INPUT2 - Print these spool input items out.

TD2 - Convert the spool input items into a consistent set
of units. The items include the spool design requirements
and the spool analysis variables.

STRAC - If tabulated values of streamline angles of inclina-
tion and curvatures as a function of radius are not speci-
fied in the input data, calculate the angle of inclination

and curvature of the hub and casing streamlines at each de-

sign station from

A\S = éGM-‘(d-fs ‘
dx A
diry
<~L-\ = (233‘ i
Tw\ %) [, + (0(.'{'5‘)2 ]3/L
dx /i
where
(d_j[s‘) = —:’-l— { *ﬂg“"f,s + T "'r-i':,s .‘S
4/~ i - X I-;,S - Aq=,S
. T3 s Tuye Ay
ers) = Lo, * 0
,)('7._{ —— X5 = 'L;l_
Min ( )(L-n' x’i) xs 'x'.")

A is the angle of inclination, DQQW is the curvature, -
is the design-station index, § denotes the hub or casing,
T is the radial position, X is the axial position, and
Mya) (g(\-ﬂ-xq-,ig—z.;_,) denotes the smaller of x,,~x. and
We=X-y o

TD2 - Begin loop on the analysis of a design station. Steps
10 through 73 are performed for each design station if the
first or only spool is under consideration. |f a subsequent
spool is under consideration, steps 60 through 73 are per-

formed for the spool inlet and steps 10 through 73 are
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11.

performed for the remaining design stations of the spool. ~

TD2 - If a coolant mass flow schedule is specified in the
input data and the design station is not the turbine inlet,

calculate the total mass flow at the design station from

Wy,

/
iy (‘JT,‘i-n AR w”;mﬁet

where Wy is the total mass flow at a design station, % is
the design station index,cu: is the nondimensional coolant
mass flow, A/ is the blade row index and denotes the up-
stream blade row in this case, and w& wJQf' is the mass
flow at the turbine inlet.
SPECHT - Calculate the specific heat ratio corresponding to
the specific heat at constant pressure specified in the in-
put data for the design station from
¥, = TCP"/( TCpr - R)

where ¥ is the specific heat ratio, \ is the design sta-
tion index, J is a conversion factor, C% is the specific
heat at constant pressure, and & is the gas constant. Fur-
ther, if the design station is:

a. a blade row exit, calculate the average specific

heat across the blade from

where \ is the blade row index
b. a stage exit, calculate the average specific heat

across the stage from
CP'L": .é: (CP..’ f'(P’t._l)
where 1\ is the stage index

c. a spool exit, calculate the average specific heat

across the spool from
Tpom=it (S, + Cpw)

where ¥/ is the spool index and n' denotes the last

design station of the spool
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12.

]3-

4.

d. the turbine exit, calculate the average specific

heat across the turbine from
Coov = 4 (Gmt™ hrendt)

where oy denotes the average turbine value, Ckhéhf

is the specific heat at the turbine inlet, and

Ckrenhf is the specific heat at the turbine exit.
In each of these situations the corresponding specific heat
ratio ¥ is calculated as above. Further, values of related
parameters used in the calculations to follow are obtained.
STRIP - Obtain the initial estimate of the radial position

of each interior streamline at the design station from
|
% Urt v %) R : on-
’TIJ = {‘r-“ + wJ(T‘:" .r".)} J = 2,3,.-- N4

where - is the radial position of a streamline, { 1is the
design station index, ] fis the streamline index, | de-
notes the hub streamline, and mwm_denotes the casing stream-
line. It can be seen that this formulation results in each
streamtube having the same annulus area.
TD2 - If the design station is a blade row exit and the in-
ternal loss correlation is employed, obtain the initial es-
timate of the pressure-loss coefficients and loss gradients
at each streamline from
Yb = 0.05 for a stator exit
Y =0.10 for a stage exit
d¥5i=0
wher;a?} is the pressure-loss coefficient, { is the design
station index, and J is the streamline index.
TD2 - Begin major iteration loop on streamline positions;
steps 15 through 72 are performed for each estimate of
streamline positions and pressure-loss coefficients.
STRVL2 - Begin loop on streamlines; steps 16 through 23 are
performed for each streamline of the design station, pro-

ceeding from the hub to the casing.
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16.

17.

18.

19.

20.

21.

STRVL2 =~ Interpolate the streamline value of the streamline
angle of inclination and curvature from the values speci=~
fied in the input data or from the hub or casing values
calculated in step 8.

STRVL2 - If the design station is the turbine inlet, inter-
polate the streamline value of total temperature, total
pressure, and flow angle from the values specified in the
input data, and return to step 16 for the remaining stream-
lines. Further, go to step 24 after the last streamline
has been considered.

STRVL2 - Calculate the streamline value of the adjoining

rotor blade velocity from

"LIJ - 'JL TIJ

where W is the rotor blade velocity, L is the design sta-
tion index, J is the streamline index, -fl-is the rotative
speed of the spool, and ¥ is the radial position of the
streamline.

STRVL2 - If the design station is a stator exit, (a) ob-

tain the streamline value of the total temperature from
—
CTGIIB‘\' = ‘0)'L">J

where Ta is the total temperature, ~ is the design sta-
tion index, J is the streamline index, and * denotes a
value which may have been modified if a coolant schedule or
a mixing schedule has been specified in the input data, and
(b) interpolate the streamiine value of either the meridio-
nal velocity gradient or flow angle, whichever values have
been specified in the input data.

STRVL2 = If the design station is a stage exit, interpolate
the streamline value of the meridional velocity gradient,
unless radially constant work output has been specified for
the stage.

STRVL2 ~ If pressure-loss coefficients are calculated from

the internal loss correlation without additional loss factors,
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22.

23.

2h.

25.

26.

27.

28.

return to step 16 for the remaining streamlines. Further,
go to step 24 after the last streamline has been considered.
STRVL2 - Interpolate the streamline value of the total-
pressure-loss coefficient or additional loss factor speci-
fied in the input data.

STRVL2 - Return to step 16 for the remaining streamlines.
After the last streamline has been considered, continue with
step 24.

STRVL2 - [T the design station is a stator inlet, obtain the
derivative with respect to radial position of (a) the inlet
total temperature, (b) the inlet flow angle, (c) the stream-
line angle of inclination, and (d) the inlet total pressure.
STRVL2 - If the design station is a stator exit, obtain the
derivative with respect to radial position of (a) the total
temperature, (b) the upstream total pressure, and, if a flow
angle distribution has been specified in the input, of (c)
the flow angle, and (d) the streamline angle of inclination.
STRVL2 - If the design station is a stage exit, obtain the
derivative with respect to radial position of (a) the up-
stream relative total pressure, (b) the upstream relative
total temperature, (c) the upstream total temperature, and
(d) the upstream whirl velocity.

LBSCOR - Obtain new streamline values of total-pressure-loss
coefficient and their radial derivatives from either inter-
polation of the input values (if ISPEC=0), or, after the
first pass on streamline locations, application of the in-
ternal correlation (if ISPEC=1 or 2). Also, if this is a
"converged pass'', check that streamline values of loss co-
efficient have converged, and treat the pass as unconverged
if they have not.

POWER2 - If this is a stage exit, obtain an estimate of the
meanline total temperature drop from

a. if this is the first pass through the loop on
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streamline position
/
" - PT 'l.” PT
BT} l™ T
NECYRTS
where (7, is the total temperature drop across a
1 - . ’ - -
rotor, =" is the stage index, Pr is the fraction
of spool power output produced by a rotor, (& is
the spool power output, and 4’ is the blade row
index.
b, if this is the second or subsequent pass through

the loop on streamline position

(ATeit) = (%)l (T Drerrcus

<15'®‘ )NWQCMNA&(J
If this is a '"converged pass'', check that the new meanline

total temperature drop is within the specified tolerance of
its previous value, and treat the pass as unconverged if it
is not.

29. TD2 - |If the design station is a stage exit, calculate mean=-

line values of total temperature and whirl velocity from

LT;\B ( ‘o'l-l - (ﬂ_l:)'x')m

(Vm)..\ = (_ux..Vmbm = 9.5 G (ATep e,
Qﬁf)na N

30. VMNTLZ - If this is the first pass through the iteration

loop on streamline position, obtain the initial estimate of
the meridional velocity at the mean streamline as follows:

a. when the flow angle is known
Vw\ \ s M .,_______.So RX‘ -} C-o|).“ ‘\
( :)"\ {:{'I+(!§?)M‘ { Lot (A *&m k&

0.4 for the turbine inlet

whereM = £ 0.8 for a subsonic solution at stator exit
1.2 for a supersonic solution at a stator

exit
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b. When the whirl velocity is known

. at a stator exit
(VM'\,\ = CbL.jI (V""SF/DS(A-;
2. at a rotor exit
Nwi)y = — oot § Vs m—um}

s LB{>W~
where the meridional velocity is limited to values

between Mach numbers of 0.1 and 0.8; that is

ol (Vo )on 0. §

P oo (%) } {3.‘0’(;\)\ (“—')(V‘"X} l+ 06y (%! ]V‘

where Vi is the meridional velocity, 1 is the design sta-

tion index, w\ denotes the mean streamline, and J <) is the
flow angle. |If this is a subsequent pass through the itera-
tion loop on streamline position, set the estimate of the
meridional velocity at the mean streamline equal to the

last value from the previous pass.

31. TD2 -~ Begin minor iteration loop to satisfy continuity.
Steps 32 through 49 are performed for each estimate of the
meridional velocity at the mean streamline.

32. START - Obtain the remaining components of the solution vec-
tor, , defined as

:) = (V’“) Q“d P‘)VW)%T¢»§
at the mean streamline, based on the current values of mean-
line meridional velocity (EZ':S_l ), meanline total-pressure-
loss coefficient, and meanline total temperature drop (where
applicable), from
a. at stator inlet design stations
Yo = Log (P
53 91 tomlad,.. as (A9,
- Gg (Too)m

b. at stator exit design stations

= eoé(ﬂ\'i w\/ili‘(Y) (\' M\)}
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t‘QVHDhq if a gradient of meridional velocity
3 ) has been specified

':.J, h‘"{ﬁ).‘“(”\\m otherwise
-
Yo = eoé{( '°“)m}
c. at rotor exit design stations

/ ﬂ"’ P ,
= G { p:‘i-f ' F—:s .3-: ) fﬂ{.
Jz o1 Fois Pyydm

- (ﬁ\'—: Vu'\--t)..- 303'(}.‘-(012 newo M
33 (uﬂ')m

¢ = é&j{:Tgiﬁ -(Qj:)ﬁﬂwlﬂ;}

33. RADEQ2 =~ Begin loop on streamlines; steps 34 through 42 are

performed for each streamline, first proceeding from the

mean streamline to the hub and then proceeding from the mean

streamline to the casing.

34, RUNGA2 - If the streamline is not the hub or casing, begin

loop on stages of the Runge-Kutta determination of the me-

ridional velocity at the following streamline. Steps 35

through 41 are performed for each of the four sets of val-

ues of radial position and meridional velocity; the first
set being the radial position and meridional velocity of

the streamline itself.

35. DERIV2 = If the streamline is the hub or casing streamline,

go to step 40. Otherwise, set the coefficients of the first

equation in the set of equations used to satisfy radial
equilibirum (the radial equilibrium equation itself) as

follows:

¢, = ()_;_'9( Vi =29,TCpi Ton)
C.g = g?\/ui
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T L 8
ﬂnui T
36. DERIV2 - Set the coefficients of the second equation used

to satisfy radial equilibrium (the pressure-loss equation)
as follows:

a. at stator inlet design stations
Cu=0
Cu: |-
C23 =0
Caw =O p.
b. at stator exit design stations
Ca = QjciVM\
Gz = IO
(23 = 232\ Vua
Cay = ‘32-1 Viz
Gs = L dﬁn. _e(t-E) dY:
PCn—. d'f' PO:-; df
where

Sli = “0’1 | ( To\) x‘ ‘ )
49,3 . :m{; « % (-2}
C.

at rotor exit design stations

Cy = QSYSV;Q

Cay = |0
C23 = R(Dgn w\ - 133\)
Cl# - ?1\/(9?\/»(;-&) 831
25‘—#7 dpo" jsl 34-1("\ Wiy >_— d'“'

Ob-l T

- QJL[ﬁa.i(u-i-Vu-\) - Gui (U.i— u\-.,)]
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where Ti = ) V'L

- 1
Tai, QsoJCP.;-ﬂ-;
Tot =1 4 Wlw- 2V ws - 2V ‘:)
T 2503 Cp o
'l_é; =1 o+ (W= “t:, ;
1::| ﬁ:k31ﬁ° _Eh -}
7 e ? X
E}’ -~ (_'_e‘_& )71"
Bn Vet
and /
.= Ji? + Y f%‘ - 'j
Si o= & (k-1

co
P
©
W
)
o,
v .Pf
\/

)7(3 £ 2576

G =(Yt_’><l+Y>( :: % (g 23:7%: Tor)

3 = _._8.'1:.. _19_}' ’
34‘1 (i;,- \ >(—T:n (230 j—cf‘i' -E-:,)

0/
941 = L & i _ R
<j|'i. Po“l. Fod

37. DERIV2 - Set the coefficients of the third equation used to

satisfy radial equilibrium (the meridional velocity equation)
as follows:

a. at stator inlet design stations, and at stator exit
design stations where a distribution of flow angle

has been specified

C3) = - +GM/‘3.; Cas H-;

C3y = 0
33 T

Cis =.V,,‘.; {%’1% 'I'M\/s,w”v a,g"}
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b. at stator and stage exit design stations where

gradients of meridional velocity have been speci~-
fied

cy = 1'°
(12 = O
Caz = O

Ciy =©
Coem - O'V'm'i

c. at stage exit design stations where radially con~
stant rotor work output has been specified
3 = ©
C;p‘ = Q
Cy3 =0
Cay = lo= _x
Cac = ch Toxas
$T Ay
38.

DERIV2 - Set coefficients of the final equation used to

satisfy radial equilibrium (the Euler work equation) as

follows:
a. at stator inlet and exit design stations
Cy=©
Cyz =0
Cyz =0
Cuyu = Tox,
Cog = ot Ter
b. at stage exit design stations
C‘H = Q
Cyp = 0
M
Cyz = _.3“3—6?"'
Coy = Toi
Gs = O_L_T:z-; + - ‘Jl(vW‘v“’i“)" Uiy J\'_‘/‘_u'}
d+ 907 Qo
39. SIMEQ - Solve the set

of four equations used to satisfy
radial equilibrium for the unknowns

O‘Vw\q R i(% PO'I.)
d_z‘w s and Q&(%To\) ‘EG- o
ot an
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Lo.

L.

L2,

L3,

Il

L5,

Le.

L7.

DERIVZ -~ For a streamline only, store the current values
of Vy, Per, Vur , and T, , and calculate the value of the

mass flow integrand from

R
(/A\/M,snf)“_ p;ro(' 23.761-?) v..\assmi[ij

and if the streamline is the hub, return to step 34 for

the outward integration from meanline to casing. Otherwise,
go to step L3.

RUNGA2 - Substitute the obtained values of the derivatives
of the four unknowns into the Runge-Kutta formulation and
return to step 35 for the remaining stages of the calcula-
tion of the solution vector at the following streamline.
RADEQ2 -~ After the calculation of the solution vector at
the following streamline is complete, return to step 34

for the remaining streamlines.

RADEQ2 ~ Calculate streamline values of the mass flow func-

tion from

3Ly
Wy = AT Lﬂ.efvmws” <) dr

using numerical integration.

TD2 - If required, print the results of the pass through

the continuity loop.

TD2 -~ Obtain the ratio of calculated mass flow W, to speci-
fied mass flow Wyi{ at the design station and, if this is
the tirst pass through the continuity loop, go to step 48.
TD2 ~ If continuity is satisfied and Ly%{)m has converged,
both within the allowable tolerance, go to step 50.

TD2 ~ If the sign of the slope of the mass flow versus(VLb”~
curve has changed four times, or if the maximum number of
passes through the minor iteration loop has been exceeded,
then this is the last pass before abandoning the analysis

of the turbine; go to step 52.
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Lg.

Lo,
50.

51.

52.

53.

VMSUB2 - Obtain a new estimate of (U@n{,“. if this is the

first estimate of Q/h‘)w\ , then (a)

(7% )3
(AJ"Vsnmnmo =(j335300wijhk
T
when a supersonic solution is desired for a specified flow

angle, or (b) otherwise

tVamx - e ( \) QJM&

where 0.833 £ Wri/Wia <£1.2. 'f there have been several es-

timates of (\Gn{)“m , then (a)

(Vaai o N = (Vi) + LC Ve Jun V""D"z“"]{mn— :)J::afd}

when w"\# '-UM?QJ and

) -2 & Wm-win £
Loyn = Wi old

Ut 5 [ Wodae]

when W= Winofd. It should be noted that Cuhi>m)di

and Ww,sld denote the previous values of I\V'\mi\w\ and Wiyn,

or (b)

respectively.

TD2 - Return to step 32 with the new estimate of (ﬁL“b

TD2 - If this is the converged pass through the streamline
position loop, go to step 52. Further, if the maximum num-
ber of passes through the loop on streamline position has
been exceeded, assume that this is a converged pass and go
to step 52.

102 - If the results of each pass through the streamline
position loop are not to be printed, go to step 71.

REMAN2 - Begin output loop on streamlines; steps 53 through
58 are performed for each streamline of the design station,
proceeding from the hub to the casing.

REMAN2 - Calculate the absolute velocity, axial velocity,

static temperature, static pressure, and absolute Mach

116



m

54,

55.

56.

number from respectively,

Vy = L (W (\/u-.)}

REMAN2 - If the design station is the turbine inlet, return
to step 53 for the remaining streamlines; after the last
streamline has been considered, go to step 60 if this is
the converged pass of the major iteration loop or, other-
wise, go to step 69.

REMAN2 - Calculate the relative velocity, relative Mach
number, relative total temperature, relative total pressure,

and relative flow angle from, respectively,

;= ) - L= T
M?} - Asoﬁ '1;5'/;

To% TJ{!-:-&"M-.J}
(Pms P‘U {(—"' /r CA)
/3 = tow' i(v‘“r ““3>/\/om}

REMAN2 - If the desngn station is a stator exit, calculate

the blade row efflc:ency from

- U ey)
(73’ {| SR }

(Pu-.}’
calculate the reaction from
R+, = &"J
J X

v
if this is the convergedqﬁéss of the major iteration loop;

calculate the absolute flow angle from
oy = o {01
J (V):.'z)j
if the tangential velocity is specified; and return to step

53 for the remaining streamlines. After the last streamline
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57.

58.

53.

60.

has been considered, go to step 60 if this is the converged
pass of the major iteration loop or, otherwise, go to step

69.,

REMAN2 - For a design station which is a stage exit, calcu-

late the blade row efficiency from
Ty

(D) = 21—, S _

O () ¥ o]

(RY) (r‘)

Ll

calculate the absolute flow angle from

2y = b (W),

V:r: J
and, if this is not the converged pass of the major itera-

tion loop, return to step 53 for the remaining streamlines
or go to step 69 after the last streamline has been con-
sidered.

REMAN2 - For a converged pass of the major iteration loop

at a stage exit, calculate the reaction from

RU 15

and calculate the isentropic stage and rotor efficiency

from, respectively,

C——(D{'(a_l:x”)'
- G e
Gl T || - ;’”_bj %)
- (AToY;
(.?@)J ("_015[ t t( B, ]R_
Y (For-dy

and return to step 53 for the remaining streamlines or simply

QQSJ% =

continue with step 59 after the last streamline has been

considered,
SETUP2 - if this is the last design station of a spool, go
to step 6h.

SETUP2 = If mixing is specified, modified streamline values
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61.

of the absolute total pressure and absolute total tempera-
ture which will be used as the upstream conditions for the
next design station are calculated using numerical integra-

tion from, respectively,

* ) . g A -flxmi'%" dw’
( PO,VH)S = {l —(xml)j}<pa1)j + (X‘m‘l>j \glx“{ a(.wl +

YRIUDR - ~£4 oy Jos dw”
(T:k-)f - {l ~(><M\)J}(lm)3 + (;c,“,b)‘j T}_‘___I__ dw

o Xmy dw’
§

where J =L, - n

{
’
J;xm{dk)#o

and L\ is the index of the next design station(i{:i44), *
denotes a value which may have been modified to include the
effect of interfilament mixing, ¢ is the blade row index
and denotes the blade row upstream of design station k,
and X4, is the mixing coefficient. |If j:;gﬁ'dnf=.0 or

if mixing is not specified, then

('P:QA)J = (Po-;)J
T‘:b.- DJ = (\.T;'l.-)J

SETUP2 - If a coolant schedule is specified which includes
the coolant total temperature, streamline values of the
absolute total temperature which will be used as the up-
stream condition for the next design station are again

modified as follows:

(Tf : = Wy (7271....\; + Wed (Tl
Wy + Wegy’
where k. is the index of the next design station (h=ﬂb+| , Wk
denotes a value which may have been modified to include the
effects of interfilament qpxing and cooling, ' is the blade
row index and denotes the blade row upstream of design sta-

tion R , and Tec is the absolute total temperature of the
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62.

63.

6L.

65.

coolant.
SETUP2 -~ If the design station is not a stator exit, set
the following streamline values which will be used as up-
stream conditions for the next design station
Vie = vy
By = fy J=nzomon
and go to step 64
SETUP2 - If the design station is a stator exit, (a) set the
following streamline values which will be used as upstream
conditions for the next design station
(Vu k- 3" v’*‘j
(VR l)J = ‘J
(ﬁm-u) = ISi,J
(b) calculate the following streamline values which will be

used as upstream conditions for the next design station

{ ‘x I 4 Ix 8 Y
CTo k1)) 2 &Tbﬁ,_.,)s + V\] - Vi
235 ‘T(‘P1
) e *
(ﬂ;()'-(&‘ )- (nhbi}i:}
- = kA —_—
’ LDy

and go to step 65
SETUP2 - Using numerical integration, obtain mass averaged
values at the design station of the absolute total tempera-
ture and absolute total pressure from

E-\ = g.‘a-idw.

:‘:;1 = j;'T""Aw,
and, if the design station is a stage exit, the static pres-

sure and the drop in absolute total temperature across the

rotor from ?; 5 P. dw
LT

_f([“o\")alw

Further, if the design station is a spool inlet, go to step
69.

SETUP2 - Using numerical integration, obtain mass averaged
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66.

67.

values at the blade row exit of the blade velocity and the

blade row efficiency from
t

w, = _f;uiciw'

:)?51 = ja .261 d‘w,

Further, if the design station is a stator exit, go to
step 69.
SETUP2 - For a stage exit, calculate mass averaged values

of (a) the stage work output, power output, blade velocity,

and blade-to-jet speed ratio from, respectively,

Cov (L)

PTL"= Wry Wa "
E_‘,, = —é—(ﬁ'l +:L.,-,>
~ i
()., = x -
Jshoe = == T \V~ 111
. [iﬂf Cov T;“(l( - (__LL\?,}] A
PD'I-'L

and (b) the stage total efficiency and static efficiency

from, respectively, either

(Fruehs =
(;Ln#>f'=

E; 'r EtJE?L}

(B)%}

Pra”
“ry _C-Ta-g_'j:,rz §

if a coolant temperature schedule is not provided, or
<°?7br)1‘ = - -F%—lu L
CP‘.,{L»J‘.L_;\B‘__ﬁ— c\_,(__m)1 |+ Wed lw)x} ] __(Po \ }
(’? ) = — PT\” . o
STAT/V E-P.t {N,.\ ;7;1 a2+ wc-\_—l<\0¢)( l+ C:‘L'(T:(S{}{l - %;}Kf"}

if a coolant temperature schedule is provided.
SETUP2 - If the stage exit is also a spool exit, calculate

mass averaged values of (a) the spool work output, power
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output, total-to-total pressure ratio, total-to-static pres-

sure ratio, and blade-to-jet speed ratio from, respectively,

—_ ('l\-lyZ—
VV Z W
'l’:l

b“'/h
Bor= 2, B
~"s t

(Fpeeder= (/5.
(Fpeyer= (Phay/ (P

Y-l
(ﬁ D{" = I‘/quoTC—‘Pf" 5—‘;))::{' - (E/d;')u») T_] "

and (b) the spool total efficiency and static efficiency

from, respectively, either

()= /oL - (e, } ]
%=1
heder = P/ eom G (B [1 = { BT = ]

if a coolant temperature schedule is not provided, or
n_l

(7&(—31‘ [-_w“( 'a},,.i-l-z. ‘*’c'cb_lfl _{% \)1- =
e = P/ GpoLlon (@), ,J‘z we B[ _{;‘/ {P%T‘—'}

if a coolant temperature schedule is provided.

68. SETUP2 - If the stage exit is also the exit of a multi-
spool turbine, calculate mass averaged values of (a) the
over-all work output, power output, total-to-total pres-
sure ratio, total-to-static pressure ratio, blade velocity,

and blade~to-jet speed ratio from, respectively,
m— ﬂ” —
Wov = '2‘ 5
n
e

(P =
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G‘}tt}‘”,: Uso WOk (ﬁ)»
(’Tpts)w = (P)"“Q‘/—)‘

UW"—;I_?.-"""\,

—_ - . A1 1V
A - = ). L =112
Fido = By 25,550 a1 (P 00) 1)

where m” denotes the number of spools of the turbine; and

(b) the over-all total efficiency and static efficiency

from, respectively, either

(Tde= By onGulBaald ~ (P4 )5 |
(”Zstut).w = P-r }/‘*‘n C\aw(lc »Jd[' (F/&WQ,{YN-'J

if a coolant temperature schedule is not provnded or

(o P G Lonae Ol 2 E a1 .0%
e Ey e onie i+ 5 E ]l (e

PUTPUT - Convert the output items into the original units

of the input data, print the design station output, and re-
convert the output items into a consistent set of units,

TD2 - If this is the converged pass of the streamline posi-
tion loop, go to step 73. |If this is the last pass before
abandoning the analysis of the turbine, go to step 77. Other-
wise, simply continue with step 71.

TD2 - Obtain new estimates of streamline position at the de-
sign swation through interpolation of the curve of radial
position versus calculated mass flow function for those
values of radius which give equai increments in the mass
flow function. Further, check whether the values of stream-
line position have converged within the allowable tolerance.
TD2 - Return to step 15 for the converged pass of the major
iteration loop or simply for a new pass through the major

iteration loop.
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73. TD2 - Return to step 10 for the next design station of the
spool. After the last design station has been considered,
simply continue with step 74.

74. TD2 - If the turbine has more than one spool, go to step 76.

75. TD2 - If there are remaining sets of aﬁalysis variables to
be considered, reconvert the input data into its original
units and return to step 6. Otherwise, go to step 77.

76. TD2 - Return to step 6 for the remaining spools of the tur-
bine. After the last spool has been considered, simply con-
tinue with step 77.

77. Return to step 3 for the remaining turbines to be analyzed.

Numerical Techniques

The standard numerical techniques used in Program TD2 are dis-
cussed below. The techniques discussed are: interpolation and extrapola-
tion, numerical differentiation, numerical integration, the Runge-Kutta
method for the solution of ordinary differential equations, and the solu-

tion of simultaneous linear equations.

Interpolation and Extrapolation

Interpolation or extrapolation is performed when a function is
to be evaluated for a specific value of the independent variable from
tabular entries of dependent versus independent variable. |f the spe-
cific value of the independent variable is within the range of the inde-
pendent variable as expressed in the table, interpolation is performed;
if not, extrapolation is performed.

The interpolation which is performed is always parabolic unless
there are less than three tabular entries. |If there are only two tabular
entries, linear interpolation is performed. With only one tabular entry,
the value of the dependent variable is assumed constant for all values of
the independent variable. Extrapolation, on the other hand, is always
linear unless there is only one tabular entry. The following nomencla-
ture will be used in the interpolation and extrapolation formulas given

below:
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); = interpolated or extrapolated value of the dependent vari-
able
Xp = value of the independent variable at which interpolation

or extrapolation is desired

)ﬁw))ﬁ:))a*l = three consecutive tabular entries of the dependent vari-
able corresponding to ¥, , Xy, and X,,, , respectively
xtw Xv,%14l = three consecutive tabular entries of the independent vari-

able

The formula used for parabolic interpolation is:
2
Yo = a{Xp-xu) + b{xp=X0) + y,

where

a = (7‘1 ‘?‘l-XYlH‘Y) (Xm x,)()’ K- )

( Xyt = X-.-,)(x\_x\_,)(xm - X.,)

M - Qa (X""x‘-")

(’(‘1 - x'\,-l

and X{ is the tabular entry of the independent variable which is nearest

to Xp . (However, since a tabular entry on either side of X3 is neces-
sary, X is not allowed to be the first or last entry in the table.) The
formula used for linear interpolation or extrapolation is:

Yp = Rt::‘ﬁ()’r %)+ 2
where Xy &£ Xp £ X4 for interpolation, and either X.., is the first
or X4 is the last tabular entry for extrapolation.

Parabolic, rather than linear, interpolation was selected for
the program so that typical variations in the analysis variables can be
represeﬁted accurately with relatively few data points. However, since
this interpolation is used to assign values to the streamline quantities,
it is recommended that whenever more than two items are specified for any
of the program input quantities, the user should consider the manner in

which these data will be interpreted by the program.
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Numerical Differentiation

Numerical differentiation is performed to obtain streamiine val-
ues. of the derivative of a function with respect to the independent vari-
able from tabular entries of the function and the independent variable at
each streamline. The values are found by differentiating a second-order
curve which is fitted to the streamline values of the function. Using
the nomenclature given above, the formulas used to obtain the derivatives
are;

(a) for interior streamlines

(t_l}_’_) - O.(X\-Xl-.) + (71')’1—0}
dx 4 (X2 = %)
(b) for the hub streamline
( ) M- - a(%a - %12
(Xa- -Xu-r)
(c) for the casing streamline

(;)){)i: %%’ql)::,) + a{('xl_xl")"“ 2(>(1+|—>(1.)}

where
o (- X‘M-IYXH'X) - Of}jf'x‘i)_Q( - %)
(X\H" X’\-I)(K-\-X'L- )XX'\H- x13
Numerical Integration
Numerical integration is performed when a function, say)K , is

to be integrated across the annulus at a design station. The independent
variable may be the radial position, T , or the nondimensional mass flow
function, w’ . The value of the integral is obtained from the trapezoidal
rule so that P’ is replaced by a series of chords; the chords connect ad-
jacent streamline values of the function. Hence, if T is the incspciideat

variable, then T
Mt
Jpdr = L S (B BN
) J=!

where the subscripts | and 7 denote the hub and casing streamlines, re-

spectively., |If w’ is the independent variable, the expression becomes
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'o/l?sd““l = (1;—.:’7)— [._; (¢f + %) "‘E ¢J’]

since WJ....-WJ = ’Af'\ﬂ--') for all values ofJ .

Runge-Kutta Method

The Runge-Kutta method for the solution of simultaneous ordinary
differential equations is used to determine the remaining streamline val-
ues of the principal unknowns (meridional velocity, total pressure, tan-
gential velocity,. and total temperature), based on their values at the

mean streamline. The equations are of the form

;zzi = J(!v(—r;jq.) 1=1,2,3,4

jl = VM
U; = éog R
:j?:. = Vu
‘j"' = eaaTg

The.}; are obtained from the simultaneous solution of the radial equilib-

where

rium equation and the three subsidiary differential equations.

Given the values of the jt at one streamline, Yie > the unknown
values at the adjacent streamline, Yy » are determined in four stages.
Each stage is repeated four times before proceeding to the next, once for
each of the unknowns, since each of the required derivatives (fi) de-

pends on the values of all the unknowns.

31\ = Jto t h&”
10 = "V.o + 3 ku "-é :{f:'z(fo)}fu)

where
h = Ty -T, _
‘h“ = J;i‘;:ﬁ (‘ﬂ,g\o) - 2‘}\"0_‘

o at the mean line
Y= {(‘/ thereafter
Ry
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(' 12 = '31. + li'ﬁqz
\ ny, - 7,'1: + 3 ku - (I_F:){i(‘r"*“‘/z)y-;)

where ﬁu - () —\F‘-;)[ §-i (1‘0-)- #\/”'yu) - ﬁ/u]

Yy = Y + R
' "Vu = ?11 + 3 kzs - (I + E)f—l ('fo* _“{)gu)
b < (e Bk )]
Jruw = y13 + LLAx*
Q1¢. qm3 -+ 3'&&4 —‘i {;(ﬁﬂ#*Aj‘y1u)
1’(14 = -é— [ :F-i (’To'r "I'l):yq-;) - 2 ?,u]

The above is known as the Gill procedure; it possesses the refinement, by

H

where

introducing 1, and 9%‘, that some of the round-off errors accumulated
during each step are canceled. The method used is based on that given in

Reference 3.

Solution of Simultaneous Linear Equations

The numerical solution of a set of simultaneous linear equations
is obtained by the method known as the Gauss Reduction. That is, the set
of equations is triangularized and, therefore, the final equation of the
set is reduced to one unknown. After that unknown has been evaluated, the
remaining unknowns are found by back substitution into the other equa-
tions. It should be noted that during the triangularization procedure,
the order of the equations may be changed to maximize the leading coeffi-

cient in each equation and thereby increase the accuracy of the solution.
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APPENDIX 1V

CUMMPN FORTRAN NOMENCLATURE

The following tables give the Fortran nomenclature for the blank
and labeled blocks of C@MM@N. There are twelve blocks of labeled CBMM@N
in addition to blank C@MMBN. Singly and doubly subscripted arrays are in-
dicated by indices | to N; the nomenclature for these is as follows:

| Design station index

J Streamline index
K Radial position index
L Stator, rotor, or stage index
M Blade row index
N Station index
Nomenclature for Blank C@MM@N
Fortran
Symbol Symbol Description Units
I1BR Q! Blade row index --
ICANV Indicator:
ICONV=0, primarily, if a con-
verged solution at a design
station has not yet been ob-
tained
ICONV=1, primarily, if a con-
verged solution at a design
station has been obtained --
ICoPL indicator:
IC@PL=0 if a coolant schedule
is not specified in the input
data
ICAPL=1 if a coolant mass flow
schedule is specified in the
input data
1Cg@L=2 if a coolant mass flow
and total temperature schedule
is specified in the input data --
IDLETE Indicator:

IDLETE=0 if only the converged
results of the iteration loop on
streamline position are to be
printed at each design station
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Fortran
Symbol Symbol

IDS L
ILL@gP

I LA@P

IMIX

IP@FS

ISAV

I SBN

ISPEC

Description

IDLETE=1 if the results of each
pass through the iteration ioop
on streamlines are to be printed

Design station index

Pass index of the iteration loop
on meridional velocity at the
mean streamline

Pass index of the iteration loop
on streamline position

Indicator:
IMIX=0 if a mixing schedule is
not specified in the input data
IMIX=1 if a mixing schedule is
specified in the input data

Indicator: .

IPBFS=0 if radially constant
work output is specified at a
rotor-exit design station
IPPFS=1 if values of meridional
velocity gradient are specified
as a function of radius at a
rotor-exit design station

Spool index or, if there is only
one spool, index of the sets of
analysis variables

Indicator:
ISPIN=0 if a subsonic solution is
desired at a stator exit
ISEN=1 if a supersonic solution
is desired at a stator exit

Indicator:
ISPEC=0 if values of total-
pressure-loss coefficient as a
function of radius are speci-
fied at each blade row exit
ISPEC=1 if streamline values
of pressure-loss coefficient
are calculated from the
internal correlation without
an additional loss factor at
each blade row exit
ISPEC=2 if streamline values
of pressure-loss coefficients
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Units



Fortran

Symbol Symbol
ISR
I1STG n
IWRLS

[
NDSTAT "
NLINES 18
NSP@BL n
NSTG (n-)/2
NTAPE _
NTUBES To-

Description

are calculated from the in-
ternal correlation with an
additional loss factor at
each blade row exit

Indicator:
ISRiI=1 if a design station is
a stator exit
ISRI=2 if a design station is
a stage exit
1SRI=3 if a design station is
the inlet of the turbine
‘ISRI=L4 if a design station is
the inlet of a subsequent
spool

Stage index

Indicator:
IWRLS=0 if values of meridional
velocity gradient as a func-
tion of radius are specified
at a stator-exit design sta-
tion
IWRLS=1 if values of flow angle
as a function of radius are
specified at a stator-exit de-
sign station and a subsonic
solution is desired
IWRLS=2 if values of flow angle
as a function of radius are
specified at a stator-exit de-
sign station and a supersonic
solution is desired

Number of design stations on a
spool

Number of streamlines used in
the calculations (including
the hub and casing streamlines)

Number of spools
Number of stages on a spool
Qutput tape number

Number of streamtubes used
in the calculations
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Fortran
Symbol
AY (J)

BET (J)

BETR(J)

BREFF (J)

CRV(J)

DFLAW (J)

EFFR(J)

EFFS (J)

EM(J)

EMR (J)

FACL(J)

GRND (J)

Nomenclature for COMMBN/CEM1/

symbol

)\ﬁ T ) )

QOVETwSﬁ%

Description

Streamline values of the stream-
line angle of inclination at a
design station

Streamline values of the abso-
lute flow angle at a design
station

Streamline values of the rela-
tive flow angle at a blade row
exit

Streamline values of the blade
row efficiency at a blade row
exit

Streamline values of the stream-
line curvature at a design sta-
tion

Streamline values of the calcu-
lated mass flow function at a
design station

Streamline values of the rotor
isentropic efficiency at a
stage exit

Streamline values of the stage
isentropic efficiency at a
stage exit

Streamline values of the abso-
lute Mach number at a design
station

Streamline values of the rela-
tive Mach number at a blade
row exit

Streamline values of the total-
pressure-loss coefficient or
the additional loss factor used
in conjunction with the internal
loss correlation at a blade row
exit

Streamline values of the inte-
grand appearing in the conti-
nuity equation for nonuniform
flow at a design station
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rad, deg

rad, deg

rad, deg

per ft,

In

1bm per

1bm per
sec

per

sec

ft



Fortran
Symbol Symbol Description Units

P(J) Pij Streamline values of the
static pressure at a design
station psf, psi

PA(J) (ﬂbij Streamline values of the ab-
solute total pressure at a de-
sign station psf, psi

*BR (J) Lfg)ij h Streamline values of the rela-
tive total pressure at a blade
row exit psf, psi

REAC (J) Rfj Streamline values of the reac-
tion at a blade row exit --

T(J) 'ij Streamline values of the static
temperature at a design station deg R

T8(J) YT;)i’ Streamline values of the abso-
lute total temperature at a
design station deg R

/,
TOR (J) CTBSQ Streamline values of the rela-
tive total temperature at a
blade row exit deg R

u(J) \Lij Streamline values of the blade
velocity at a blade row exit fps

V(J) \GJ Streamline values of the abso-
lute velocity at a design sta-
tion fps

VM(J) (kaii Streamline values of the me-
ridional component of the ve-
locity at a design station fps

VR (J) Vi Streamline values of the rela-
$ tive velocity at a blade row
exit fps

VT (J) QJ;)ij Streamline values of the tan-
gential component of the abso-
lute velocity at a design sta-
tion fps

vX (J) i&%ﬁij Streamline values of the axial
component of the velocity at a
design station fps

WYE (J) \(g‘ Streamline values of the pres-
J sure~loss coefficient at a
blade row exit -

133




Nomenclature for C@MMEN/CEM2/

Fortran
Symbol Symbol
cP(1) Chy
CP1 Cpi
cP2 'C"pl'
cP3 Cp.
CPL Cp
CP5 Chov
EJCP1 T
EJCP2 NN
GAMAI %/l
-
GAMA2 N
- -
GAMA3 LAV !

GAMBI /)

GAMC 1 (1) /2

GAMD2 (X1=1)/ %

Description

Specified values of the specific

heat at constant pressure at
each design station of a spool

Specific heat at constant pres-
sure at a design station

Average value of the specific

heat at constant pressure across

a blade row

Average value of the specific

heat at constant pressure across

a stage

Average value of the specific

heat at constant pressure across

a spool

Average value of the specific

heat at constant pressure across

the turbine

Parameter related to the spe-
cific heat at a design station

Parameter related to the aver-
age specific heat across a
blade row

Parameter related to the spe-
cific heat ratio at a design
station

Parameter related to the aver-
age specific heat ratio across
a blade row

Parameter related to the aver-
age specific heat ratio across
a stage

Parameter related to the spe-
cific heat ratio at a design
station

Parameter related to the spe-
cific heat ratio at a design
station

Parameter related to the aver-
age specific heat ratio across
a blade row
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Units

Btu
deg

Btu
deg

Btu
deg

Btu
deg

Btu
deg

Btu
deg

per
R

per

R

per

per

per

per
R

1bm

Tbm

1bm

1bm

Tbm

Tbhm

ft 1bf per
Tbm deg R

ft 1bf per
Ibm deg R



Fortran
Symbol Symbol

GAMD3 GarD/%,

Description Units

Parameter related to the aver-
age specific heat ratio across
a stage --

Parameter related to the aver-
age specific heat ratio across
a spool --

GAMDY (GG

Parameter related to the aver-
age specific heat ratio across
the turbine -

GAMD5 (Fov~V/5.,

GAMI1 ¥y Specific heat ratio at a design

station -

GAM2 B Average value of the specific

heat ratio across a blade row -

GAM3 B Average value of the specific

heat ratio across a stage --

GAML (G Average value of the specific

heat ratio across a spool --

GAM5 Yoy Average value of the specific

heat ratio across the turbine -

GASC

GGG

Gas constant of the working
fluid

Parameter related to the gas
constant and the specific

ft 1bf per
1bm deg R

heat ratio at a design sta- ft™ per sec
tion deg R
GJCP1 3w3t?i Parameter related to the spe-
cific heat at a design sta- ft™ per sec
tion deg R

GJCP12 290 i

Parameter related to the spe- ft” per sec
cific heat at a design station deg R

Parameter related to the aver-
age specific heat across a ft™ per sec
blade row deg R

GJCP2 j&‘ Céﬁ'

Parameter related to the aver-
age specific heat across a ft™ per sec
blade row deg R

GJCP22 29076

Parameter related to the aver-
age specific heat across a ft® per sec
stage deg R

GJCP32 235 Cpr
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Fortran

Symbol Symbol Description Units

GJCPL2 Qﬁojf%f' Parameter related to the aver- 2
age specific heat across a ft™ per sec
spool deg R

GJCP52 ngTCPf“ Parameter related to the aver- 9 )
age specific heat across the ft™ per sec
turbine deg R

Nomenclature for C@MM@N/C@M3/

Fortran
Symbol Symbol Description Units

BETRU (J) /%;”- Streamline values of the
g relative flow angle upstream
of a design station rad

BETU (J) JRRI Streamline values of the ab-
solute flow angle upstream
of a design station rad

BREFF@(J) C?Bﬂv)j Streamline values of the
biade row efficiency at a
stator exit -

DP@UDR (J) [dEf;VQQx Streamline values of the de-
rivative of the modified up-
stream absolute total pres-
sure with respect to radius 1bf per ft

7z
DPRUDR (J) (dfzyﬂ/gfj Streamline values of the
derivative of the modified
upstream relative total pres- 3
sure with respect to radius Ibf per ft

DT@UDR (J) (dﬂ;vV%;h Streamline values of the de-
rivative of the modified up-
stream absolute total tempera- deg R per
ture with respect to radius ft

/%
DTRUDR (J) L&1}1ﬂ/g$§ Streamline values of the de-
rivative of the modified up-
stream relative total tem-
perature with respect to deg R per
radius ft

DVTUDR (F‘V%VVQT)j Streamline values of the de-
rivative of the stator exit
tangential velocity with re-
spect to radius per sec
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Fortran
Symbol
PAg (J)

PBB2(J)
PERU(J)

PBU(J)

REACH (J)

TEP (J)

To02(J)

TARU(J)

TBU(J)

uu (J)

VRU (J)

vTU (J)

vu(J)

Symbol
(f%nd)j

[R@l“bs
U%i:hj

(Fg%-&j

LR14M
—‘b.i-') J
tTL}'l\j

(%"

(T:14)j

(s
(Vie) §

(Vuﬁ-bi

(Va-l>j

Description

Streamline values of absolute
total pressure at the previous
design station

Previous set of values of P@gyg

Streamline values of relative
total pressure upstream of a de-
sign station which may have been
modified through mixing

Streamline values of absolute
total pressure upstream of a de-
sign station which may have been
modified through mixing

Streamline values of reaction at
a stator exit

Streamline values of absolute to-
tal temperature at the previous
design station

Previous set of values of T@@

Streamline values of relative
total temperature upstream of

a design station which may have
been modified through mixing
and/or cooling

Streamline values of absolute
total temperature upstream of a
design station which may have
been modified through mixing
and/or cooling

Streamline values of the blade
velocity at the previous design
station

Streamline values of the rela-
tive velocity at the previous
design station

Streamline values of the tan-
gential velocity at the previ-
ous design station

Streamline values of the abso-
lute velocity at the previous
design station
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Units

psf
psf

psf

psf

deg R
deg R

deg R



Fortran

Symbol
WYE®Z (J)

Fortran
Symbol
FLW (1)
FLWP

HP

RPM

RST (J)

WFN(J)

Fortran

Sxmbo]
ASTR(K,1)

ASTS (K)

BETLT (K)

CSTR(K, 1)

CSTS (K)

Symbol Description
Y. Streamline values of the pres-
= sure-loss coefficient at a

stator exit

Nomenclature for C@MM@N/C@ML/

Symbol Description
WTs Total mass flow at each design
station of a spool
wT Total mass flow at a particular
design station
E} Total power output of a spool
N Rotative speed of a spool
e Streamline values of the stream-
4 line radial position at a design
station
/
kuj Streamline values of the nondi~
mensional mass flow function
Nomenclature for C@MM@N/CBM5/
Symbol Description
Aq Radial values of the streamline
angle of inclination specified
at each design station of a
spool
A: Radial values of the streamline
angle of inclination specified
at a design station
/3mﬂf Radial values of the flow angle
specified at the turbine inlet
E/ng)i Radial values of the streamline
curvature specified at each
design station of a spool
(}ZThbi Radial values of the streamline
curvature specified at a design
station

138

Units

Uni ts
Ibm per sec
1bm per sec

ft 1bf per
sec, hp

rad per sec,
rpm

Units

rad, deg

rad
rad, deg

per ft, per
in

per ft



Fortran

Sxmbol Szmbol
DTH(J) (aTe7)j

pvmors (4) (A Vei/de i

DVMDS (K) (Ameég)

/
FHP (L) Pr.
FLWC Wy’
IPEF (L)
ISTRAC
IWRL (L)

Description

Streamline values of the drop in
absolute total temperature across
a rotor

Streamline values of the deriva-
tive of the meridional compo-
nent of velocity with respect to
radius at a design station

Radial values of the derivative
of the meridional compohent of
velocity with respect to radius
specified at a design station

Fractions of the total power out-
put of a sponl produced by each
stage

Coolant mass flow added in a
blade row

Values of an indicator at each
stage exit of a spool:
IPGF(1)=0 if a uniform power
output distribution is desired
at a stage exit
IPBF(1)=1 if values of the
gradient of meridional velocity
as a function of radius are
specified at a stage exit

Indicator:
ISTRAC=0 if the streamline angles
of inclination and curvatures
are calculated internally at each
design station
ISTRAC=1 if values of streamline
angle of inclination and curva-
ture as a function of radius are
specified at each design station

Indicator:
IWRL(1)=0 if values of meridio-
nal velocity gradient as a func-
tion of radius are specified at
a stator exit
IWRL(1)=1 if values of flow
angle as a function of radius
are specified at a stator exit
and a subsonic solution is de-~
sired
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Units

deg R

per sec

per sec

Ibm per sec



Fortran

Szmbol

NLT

NSTAT

NSTRAC

NXT

POLT (K)
RANN(N, 1)

or RANN(N,2)

RLT (K)

RSTRAC (K, 1)

RSTRAS (K)

RXTS (K)

THC (M)

Sxmbol

"M+ L

(o ontet

Thi or Yoo

s W4

DescriEtion

IWRL(1)=2 if values of flow
angle as a function of radius
are specified at a stator
exit and a supersonic solu-
tion is desired

Number of radii at which the tur-
bine inlet conditions are speci~-
fied

Number of stations of the spool,
including one upstream station
and one downstream station

Number of radii at which stream-
lTine angles of inclination and
curvatures at each design station
of a spool are specified

Number of radii at which the exit
conditions of each blade row of
the spool are specified

Radial values of the absolute
total pressure specified at the
turbine inlet

Radial position of the hub and
casing at either each station or
each design station of the spool

Radial coordinates at which the
turbine inlet conditions are
specified

Radial coordinates at which the
streamline angles of inclination
and curvature are specified at
each design station of a spool

Radial coordinates at which the
streamline angles of inclination
and curvature are specified at

a design station

Radial coordinates at which the
exit conditions of a blade row
are specified

Absolute total temperature of
the coolant added in each blade
row

140

Units

psf, psi

ft, in

ft, in

ft, in

ft

ft

deg R



Fortran

Symbol
TOLT (K)

VUM(L)

VUMS

WRLS (K)

XMIX (J,M)

XSTAT (N)

Y@S (K)

Fortran
Symbol
CNV1
CNV2
CNV3
CNVS

EJAY

GO

Symbol

(ot

(Vui m

(X‘M'x')j

A4

Symbol
12

| b
p?o/'ﬂ"

Ss&e

Description

Radial values of the absolute
total temperature specified at
the turbine inlet

Tangential velocity at the
mean streamline for each sta-
tor exit for which a distribu~
tion of the gradient of me-
ridional velocity is specified

Tangential velocity at the
mean streamline for a stator
exit for which a distribution
of the gradient of meridional
velocity is specified

Radial values of the flow angle
specified at a stator exit

Streamline values of the mix-
ing coefficient specified for
each blade row of the spool

Axial position of each station
of the spool

Radial values of the loss pa-
rameter specified at the exit
of a blade row

Nomenclature for C@MMBN/C@M6/

DescriEtion
Conversion factor from ft to
in

Conversion factor from sq ft
to sq in

Conversion factor from rad to
deg

Conversion factor from hp to
ft 1bf per sec

Conversion factor from Btu to
ft 1bf

Conversion factor from 1bf to
Ibm ft per sec
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Units
deg R
fps
fps
rad
ft, In
Units
in per ft

sq in per sq
ft

deg per rad
ft 1bf per

sec hp

ft 1bf per

Btu

1bm ft Eer

1bf sec



Fortran

Symbol

Pl
TOLWY

Fortran

Symbol

CHT60
DFLWT

DFLWTH

EMMAX
EMMIN
ICNT

JJ
JJP

MEAN
RAT 1@

VMM

Symbol

Symbol

co%(lsr>

Win

hwnm(&

Win /(o4

(Vo)

Description
Constant factor
Tolerance used to test the con-

vergence of the iteration for
loss coefficient

Nomenclature for C@MM@N/C@M7/

Description
Constant equal to 0.57735

Mass flow at a design station
as calculated from the conti-
nuity equation for the current
estimate of meridional velocity
at the mean streamline

Mass flow at a design station as
calculated from the continuity
equation for the previous esti-
mate of meridional velocity at
the mean streamline

Constant equal to 0.8
Constant equal to 0.1

Index of the number of changes
in sign of the derivative of
calculated mass filow with re-
spect to meridional velocity at
the mean streamline in the it-
eration procedure

Variant of the streamline index

Index of the streamline follow-
ing that streamline indicated
by JJ

Index of the mean streamline

Ratio of calculated mass flow
based on the current estimate
of meridional velocity at the
mean streamline to the speci-
fied mass flow at a design
station

Current estimate of the meridio-
nal velocity at the mean stream-
line of a design station
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Units

Uni ts

1bm per sec

Ibm per sec



Fortran

Symbo Symbol
VMM@ (\/MI\ w0l
VMME P (Vo) o d

Description

Previous estimate of the me-
ridional velocity at the mean
streamline

Previous value of VYMMZ

Nomenclature for C@MM@N/C@M8/

Fortran
Symbol Symbol

DADR (J) (:%[_A%%

'~

DBDR (J) (O’lé>
/)

DP@DR (J) (o{ For

a7y
DTEDR (J) (da]_—)
. A J
DVTDR (J) kcg/}u),
DWYDR (J) \\%1)
: J

Description

Streamline values of the deriva-
tive of streamline angle of in-
clination with respect to ra-
dius at a design station

Streamline values of the deriva-
tive of flow angle with respect
to radius at a design station

Streamline values of the deriva-
tive of the total pressure with
respect to radius at a design
station

Streamline values of the deriva-
tive of the total temperature
with respect to radius at a de~
sign station

Streamline values of the deriva-
tive of the tangential velocity
with respect to radius at a de~
sign station

Streamline values of the deriva-
tive of the pressure-loss co-
efficient with respect to radius
at a blade row exit

Nomenclature for C@MMPN/CEM9/

Fortran
Symbol Symbol
BREA (M) 3

B2
BREAP 7281

Description

Mass averaged value of the blade
row efficiency for each blade
row of the spool

Mass averaged value of the blade
row efficiency for a blade row
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fps
fps

per

per

1bf

deg

ft

per

per

Units

Uni ts

ft

ft

per ft3

R per

sec

ft

Units



Fortran

Symbol

ENMI1
FLWM

#Js

gsE
gTE

gTs

g7

pw

SJS(L)

SJSP
SPJS
SPP

SPSE
SPTE

SPTS

SPTT

Symbol
n-\

ol

(qjgsv

e
(e Jov

prﬁ)bv

e oy

Woy

GOX
(‘F\p) v
(T
Pro
(T
(702
Tyt

(e

DescriEtion

Floating point representation
of the number of streamtubes

Mass flow rate at the inlet of
the turbine

Over-all blade~to-jet speed
ratio based on mass averaged
values

Over-all static efficiency based
on mass averaged values

Over-all total efficiency based
on mass averaged values

Over-all total-to-static pres-

sure ratio based on mass averaged

values

Over-all total-to-total pressure

ratio based on mass averaged val-

ues

Over-all work output of the tur-
bine based on mass averaged val-
ues

Stage blade-to-jet speed ratio
based on mass averaged values
for each stage of a spool

Stage blade-to-jet speed ratio
based on mass averaged values

Spool blade-to-jet speed ratio
based on mass averaged values

Spool power output based on
mass averaged values

Spool static efficiency based
on mass averaged values

Spool total efficiency based on
mass averaged values

Spool total-to-static pressure
ratio based on mass averaged
values

Spool total-to~total pressure
ratio based on mass averaged
values
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Units

1bm



Fortran
Symbol
SPW

SSE(L)

SSEP

STE(L)

STEP

SwW(L)

SWP

Fortran
Symbol
FLWCN(M)

NAV
NBR

RNXT (K, L)
RSXT (K, L)
WRL(K,L)

YBSS (K, M)

Description

Spool work output based on mass
averaged values

Stage static efficiency based
on mass averaged values for
each stage of a spool

Stage static efficiency based
on mass averaged values

Stage total efficiency based
on mass averaged values for
each stage of a spool

Stage total efficiency based
on mass averaged values

Stage work output based on mass
averaged values for each stage
of a spool

Stage work output based on mass
averaged values

Nomenclature for C@MM@N/CEM10/

Sxmbol

’

Wen'

Description

Mass flow of the coolant added
in each blade row of the spool
expressed as a fraction of the
inlet mass flow of the turbine

Number of sets of analysis
variables

Number of blade rows of a
spool

Radial coordinates at which
exit conditions are specified
for each stator

Radial coordinates at which
exit conditions are specified
for each rotor

Radial values of the flow
angle specified at each sta-
tor exit of a spool

Radial values of the loss pa-
rameter specified at each blade
row exit of a spool
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Units

Btu per 1bm

Btu per 1Tbm

Btu per lbm

Units

deg, rad



Fortran

Sxmbol

DVMDR (K, M)

Fortran
Sxmbol
AYP
C@SA

casB
C@#sQB
DBDRP

DBRUDR (J)

DBUDR (J)

DVRUDR (J)

DVUDR (J)

1J
TANB
VMP

VSQ

VTP

Symbo] Description
dVL«. Radial values of the derivative
ar of meridional velocity with re-

spect to radius specified at a
blade row exit of a spool

Nomenclature for C@MMON/CEMI11/

Symbol Description
A4 A value of the streamline angle
of inclination
ws P Cosine of the streamline angle
of inclination
CDS/gi Cosine of the flow angle
60573{ Square of C@SB
dp< A value of the derivative of
Eé} flow angle with respect to ra-
dius
}
(d - Streamline values of the deriva-
i J tive of the upstream relative
flow angle with respect to ra-
dius

Streamline values of the deriva-
tive of the upstream absolute
flow angle with respect to ra-
dius

ciV‘;) Streamline values of the deriva-
s ] tive of the upstream relative
velocity with respect to radius

CiVﬁﬂ Streamline values of the deriva-
o J tive of the upstream absolute
velocity with respect to radius

Variant of the streamline index

hNh/%{ Tangent of the flow angle

Vﬁng A value of the meridional ve-
locity

1.

Vs A value of the square of the
absolute velocity

\ﬁ\ A value of the tangential ve-
loci ty
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Units

per sec

Units

per ft

per ft

per ft
per sec

per sec

fps

fps2



Fortran

Szmbol
YCEN (1)

YCPN(2)

YCON(3)

YCON (&)

YCON(5)

YCON (6)

YCON(7)

YC@N(8)

YCEN(9)

Nomenclature for C@MMBN/CEMI12/

Symbol

a,

A

RX

ag

asz

ag

aq

Descrietion

Constant In the internal corre-
lation of total-pressure-loss
coefficient -

Constant in the internal corre-
lation of total-pressure~loss
coefficient -

Constant in the internal corre-
lation of total-pressure=-loss
coefficient -—

Constant in the internal corre-
tation of total-pressure-loss
coefficient -

Constant in the internal corre-
lation of total-pressure-loss
coefficient --

Constant in the internal corre-
lation of total-pressure-loss
coefficient -

Constant in the internal corre-
lation of total-pressure-loss
coefficient --

Constant in the internal corre-
lation of total-pressure-loss
coefficient --

Constant in the internal corre-
lation of total-pressure-loss
coefficient -
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APPENDIX V

MAIN ROUTINE

The primary function of the main routine (deckname TD2) is to
control the over-all logic flow of the computer program. In addition,
the main routine reads the input data, writes sections of the output,
sets certain values, and performs several elementary calculations.

The main routine calls Subroutines INPUT2, STRAC, SPECHT,
PPWER2, STRIP, STRVL2, VMNTL2, RADEQ2, VMSUB2, |1AP1, REMAN2, SETUP2,
FUTPUT, and L@ASCPR. The external input required by the main routine

consists of:

ASTR BETLT CAMENT cp CSTR
DVMDR FHP FLWCN FLWM GASC
HP 1CoPL IDLETE 1EXTRA IMIX

| POF ISPEC ISTRAC IWRL NAV
NLINES NLT NSPAAL NSTG NSTRAC
NXT POLT RANN RLT RNXT
RPM RSTRAC RSXT TéC TOLT
VUM WRL XMIX XSTAT YCON
Y@SS

(These symbols are defined in the appropriate sections of the

CAMMBN Fortran Nomenclature.)

The external output provided by the main routine, in addition

to four error messages, consists of:

BETLT C@MENT DFLWT FLWM GASC
NAV NLINES NSP@@AL Pg POLT
RLT TOLT VM VMM VT
WYE

A majority of these symbols, as well as others used in the main
routine, are described in the C@MMPN Fortran Nomenclature; the main routine

has access to all of the blocks of C@MM@N.
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Additional Fortran Nomenclature for the Main Routine

The following table gives the Fortran nomenclature for those
symbols used in the main routine which are not part of C@MM@N.

Fortran
Symbol Symbol Description Units

CNVL 60/337 Conversion factor from rad per rpm per rad
sec to rpm per sec

COMENT A statement describing the case
under consideration -

DFLAWP W, - A stréamline value of the mass
! flow function Tbm per sec

IEXTRA Indicator:
EXTRA=0 if the results of
the passes through the itera-
tion loop on meridional ve-
locity at the mean streamline
are not to be printed
IEXTRA=1 if the results of the
passes through the iteration
loop on meridional velocity
at the mean streamline are to
be printed when the results
of a pass through the itera-
tion loop on streamline posi-
tion are to be printed --

IPC@NV Indicator:
IPC@NV=0 if the iteration on
stage power output has not
converged within the allow-
able tolerance
IPCBNV=1 if the iteration on
stage power output has con-
verged within the allowable
tolerance --

I TAPE I nput tape number -

IYC@NV Indicator:
1YCONV=0 if the iteration on
streamline values of total-
pressure~loss coefficient has
not converged
IYCONV=1 if the iteration on
streamline values of total=~
pressure-loss coefficient has
converged

Streamline index --
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Fortran

Symbol
LSGN

NCNT

NLL@@P

NL@@P

RP
TOLFLW

TOLRAD

TOLVM

TUBFLW

Symbol

Sun

(w1

Description

Indicator:
LSGN=0 if the matrix of the
coefficients of the four ma-
jor equations used to satisfy
radial equilibrium is non-
singular
LSGN=] if the matrix of the
coefficients of the four ma-
jor equations used to satisfy
radial equiltibrium is singular

Maximum number of allowable
changes in sign of the slope

of the curve of mass flow versus
meridional velocity at the mean
streamline

Maximum number of iterative loops
used to satisfy continuity

Maximum number of iterative loops
used to converge on streamline
position, pressure-~loss coeffi=
cient, and stage work output

A streamline value of the radial
position

Tolerance used to check whether
continuity is satisfied

Tolerance used to check whether
converged streamline positions
have been obtained

Tolerance used to check whether
the meanline meridional ve-
locity has converged when con-
tinuity has been satisfied

Mass flow in a streamtube
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Units

Ibm per sec



TURAINE DESTGN PROGRAM = MAIN ROUTINE

COMMON IKHeICOEF+ICONVeICOOLsIDLETESIOSsILLCOPyILOOP,,ILOSS,
1I1MIXeISAVYISONSISPECIISRIZISTGyIPOFSyNDSTATINLINESINSPOOL Y
2NSTGeNTAPE «NTUBESy IWRLS

COMMON /COMI/AY (17)4BET(17)4BETR(17)+3REFF(17)9CRV(1T7),
JUFLCW(L7)eEFFR(ITYSEFFS{LIT) oENM (LTI EMR(1T)IsFACL(17)9GRND(17)
2P(1T)9PO(1T7YsPOR(LITIIREAC(LIT)I o T(ITIaTO(LIT)IHTIQR(1T)sU(LT)
AVIL7Y oV (LTI OVRILT)Y o VTLLIT)Y o VX(LT)YeWYE(LT7)eWYK(1T)

COMMON /COM2/CP (17)sCPL1oCP24+CPI9yCPGsCPS+EUCFIVEICP2Y
1GAMA] «GAMA2 {GAMAI 4 GAMB]1 9GAMC] 9GAMDZ2+GAMDI s GAMD4G GAMDS
2GAM1 +yGAMZ24GAMIvGAMG 4GAMB yGASCyGGGLIGUCPL sGJICPLIZ2,4,GUCP2y
3GJCPRZ9yGUCP32+46UCP42+GUCPS2

COMMON /COM3/BETRU(17)+BETU(17)+BREFFO(17)9CPOUDR(L1T)
10PRUDR(17)9DTRUDR(17)9P00(17)9P002(17)9PORU(LIT)+POUILLT)
ZREACO(17)sTOO(LT) s TOO2(1T7) 9 TORUCLIT) o TOULT)syu 1Ty
AVRU(LIT7) oVTU(IT) e VU(LT) oWYEO(L17)+DTOUDR(LT7) »DVTUNRI(LT)

COMMON /COM4/FLWLLT7) 9FLWP yHPyRPMIRST(17) ewFN(17)

COMMON /COME/ASTR(17917)sASTS(17)9yBETLT(1T7)sCSTR(1T917),
1CSTS(LT7)eDTO(1IT)9FHP(B) oFLWCIPOF (B) 9 ISTRACINLT,
2NSTATINSTRACINXT9POF {17+48) ¢POLT(17)sRANN(1992)2RLT(17)
IRSTRAC(17¢17)9RSTRAS(LT)sRXTS(17)9TOC(16) o TCLT(17)
GUARLS(1T7) 9y XMIX(1T7916) s XSTAT(19)sYOS(17) s IWRL(AR) svUM(8) sVUMS,
SOVMDRS(17)9NVMDS(17)

COMMON /COME/CNVY]1 ¢CNV2eCNVIZCNVS EJAY1GOyPI»TOL WY

COMMON /COM7/COT60sDFLWToDFLWTOJEMMAXsEMMINSICNT 9 JJs
1JJPIMEAN4RATTIOy VMM VMMO s YMMOO

CUMMON /COMAR/DADR(17)+DBDR(17)90PODR(17)+ODTCDR(1T)»
10VTUR(17) +DWYDR(17)

COMMON /CUMG/BREA(1g) 9BREAPJENML sFLWMIOUS9OSEIOTEOTSY
10TTs0weSUS(R) 9SUSP 9SPJSYSPP ySPSEsSPTEsSPTSsSPTT+SPWISSE (8)
P2SSEP¢STE(H) ¢STEPISW(B) s SWP

COMNMON /COMI10/FLWCN(16) sNAVINBRyRNXT (1798) ¢y RSXT(1798)
1vRL(1798)9Y0SS(17916)9DVMDR(17916)

COMNON /COM11/ AYPsCOSA,COSBsCOSGByOBDORP+DBRUDR (17)9sDBUDR(17)
10FLOR(17) oDVRUDR(17) sDVUDR(17) v IJeTANByVMPsVSQeVTP

CUMMON /COM12/ YCON(9)

NIMENSION COMENT(12)

Th2#0001
The«0002
TD2%#0003
TD2%#0004
TN2#000S
TD2%0006
TD2%0007
TD2*0008
Tn2*0009
TD2*0010
Th2+#0011
Th2%*0012
TD2#0013
TD2%0014
TD2%001S
TN2*%*001e6
TD2%*0017
Th2#0018
TN2#0019
TD2#0020
TD2%0021
TD2%0022
70220023
TD2%*0024
Th2#0025
TD2%0026
TD2%#0027
Th2#0028
TD2%0029
TD2%#0030
TD2*0031
Th2%0032
TN2%0033
TD2#0034
TD2#0035
TD2#0036
TD2%#0037
TD2#0038
Th2#0039

MAMELLST /NaAM1/NSPOOL sNAVGNLINESsGASCoFLWMINLTsRLTsTOLT,POLT4RETLTTD2%0040

NAMELIST /NAM2/RPMyHP I NSTGeFHP¢CP¢XSTATyRANN,NSTRACSY
1RSTRACIASTR¢CSTRIFLWCNITOCIXMIXeNXToRNXTsWRL s IPOF s IWRL
2RSXT«YOSSyYCON9DVMDR VUM

ITAPE=S

NTAPE=6

CNVl=12,0

CNV2=144.0

CNV3=57,29578

CNV4=9,54930

CNVv5=550,0

EJAY=T7T78,16

50=32.1739

COT6N=0,57735

cMMAXZ( .8

FMMIN'O.I

PI=3,141593
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TD2%0041
Th2#0042
10290043
TD2%0044
TN2#0065
TD2%#0046
TN2#0047
TN2%0048
TO2#0049
TD2%0050
TN2#0051
TN2%0052
TD2%#0053
TD2%0054
TD2#005%
TD2%0056



OO0

(s NeKgl

OO0

ann

TOLFLwW=0,00010
TOLVMZ0,0001
NLLOOP=35
NCNT=3
TOLRAC=0,00010
TOLwY=0,00010
NLOQP=25

3EGIN CASE LOOP
READ GENERAL INPUT DATA
10 =EAN (ITAPE,20) COMENT
20 fFORMAT (1 246)
25 READ (ITARE.30) ISPECYICOOLsIMIX«ISTRACYIDLETEIEXTRA
30 FURMAT (6Xe16912X9516)
READ (ITAPE«NAM])
MEAN= (NLINES*1) /2
CALCULATE STREAMLINE VALUES OF NONDIMENSIONAL MASS~FLOW FUNCTION
NTUBES=NLINES=~]
EnMl=FLOAT (NTUBES)
DO 40 J=z1leNLINES
40 #FN(J)=FLOAT(J=1)/ENM]
ISAvV=(
HEGIN SPOOL LOOP OR ANALYSIS VARIABLE LOOP

S50 ISAv=]ISAvV+l
IF (NSPOOL.GT.I.AND.ISAV.GT.I) GO TO 150

PRINT GENERAL INPUT

ARITE (NTAPE.60) COMENT

TD2%0057
TN2*00S8
TD2%0059
TN2*0060
T02#0061
TN2%0062
TN2%*0063
TD2%*0064
TN2#0065
TD2#0066
TD2%0067
TD2%0068
Th2%0069

TD2%0072
Th2%0073
TN2#0074
TD2%0075
TD2%*0076
TD2#0077
TD2%0078
TN2%0079
TD2%*0080
TD2%*0081
TD2%00R2
TD2*0083
TN2%*00A4
TD2%0085
TD2%0086
TD2%#0087
TN2+#0088
TD2*00RS
TN2%00390
TD2%0091
TD2*0092
TD2%0093

60 FORMAT (1H1,//28X,7TTH## PROGRAM TD2 = ALRODYNAMIC CALCULATIONS FORTD2#0094

1 THE DESIGN OF AXIAL TURBINES ##////30X»1246)
WHITE (NTaPE«70) NSPOOL
70 FORMAT (//7/53Xs26H#%» GENERAL INPUT DATA #3a 777/54X,
119HNUMBER OF SPOOLS = +]4&)
IF (NSPOOL«GTel) GO TO 90
wRITE (NTAPEL80) NAV
80 FORMAT (34X439HNUMBER OF SETS OF ANALYSIS VARIABLES = +14)
90 #RITE (NTAPE+100) NLINESsGASCsFLWM

100 FORMAT (49X,24HNUMBER OF STREAMLINES = ¢14//58X,]15HGAS CONSTANT =
19F10,5917H L3F FT/LBM DEG R/55X91gHINLET MASS FLOW = sF10S»
23K LBM/SEC)

NRITE (NTAPE#110) (RLT(J) o TOLT(J) oPOLT(J) 9BETLT (J) oJaleNLT)

110 FORMAT (/7/50X¢32H* TABULAR INLET SPECIFICATIONS #///43X.
16HRADIAL y8x (SHTOTAL y8X9SHTOTAL y6)x¢8HABSOLUTE /84]1x,10HCOORDINATE,
23X91 1HTEMPERATURE ¢ 3X 9y OHPRESSURE o4 X 9 1 OHFLOW ANGLE/44Xg&4H(IN)»
IBReTH(DEG R) 97X eSH(PSI) o8XeSH(DER) /7 (39XsF10,496XsF8,2y
‘“x .Fg.b'sx 0F3.3))

CONVERT GENERAL INPUT INTO A CONSISTENT SET OF UNITS
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TD2%p95
TD2#0096
TN2*0G697
TD2%0098
TD2#0099
TDO2+0100
TD2*0101
TD2%0102
TD2%#0103
TD2%#0104
TD2#0105
TN2%Q0106
TD2*0l07
Th2+0108
TD2*0109
TNP2*0110
TD2#0111
TD2%*0112
TD2%0113
TD2#0114



OO0

OO0

(212N g]

OO0

120

150

580
582
584

586
588

590

600
610
615

620

630

635

640

00 120 JsloNLT
RLT(J)SRLT(J) Z7CNVI
POLT (J)=CNV2#POLT (J)
RETLT(J)=HETLT (J)/CNVI

READ SPOOL INPUT

READ (ITAPE,NAM2)
~NHBRz2#NSTG
WUSTAT=NBR+]
NSTAT=NHR 3

PRINT SPOOL INPUT

CALL INPUTZ2

IF (NSPOOL.GT.1) GO TO 586
IF (NAV.GT.1) GO TO 582
~RITE (NTAPE,580)

FURMAT (1H1////746X939H*#% QUTPUT OF SPOOL DESIGN ANALYSIS w#we)

G0 TN 590
WwRITE (ATAPE,584) ISAy

FURMAT (1H1///7/31Xe41He®% QUTPUT OF SPOOL DESIGN ANALYSIS (SET o
102+27H OF ANALYSIS VARIABLES) #e#)

GU T9 590
WRITE (NTAPE,588) ISAV

FURMAT (lH1////743X040r%%% QUTPUT OF DESIGN ANALYSIS FOR SPOOL
11294H #na)

CONVERT SPOnL INPUT INTO A CONSISTENT SET OF UNITS

RPMz=RFM/CNV4

HP3ICNV5#HP

IF (ISTRAC.FQ.I) G0 TO 610
D0 600 I=]sNSTAT
ASTAT(I)=XSTAT(]l)/CNV]

00 600 J=1,2
RANN({IsJ)=RANN(IsJ)/CNV]
GO0 1O 630

DO 620 I=1+NDSTAT

DO 615 J=147

RANN (I9J)=RANN(I9J) /CNV]
DO 620 U=19NSTRAC

RSTRAC (Jy 1) 2RSTRAC (Je f) /CNV]
ASTR(JeI)aASTR(JsI)/CNVI
CSTR(JyI)=CNVI#CSTR(J9 1)
D0 640 I=1,NSTG
IPQFS=IPOF (1)
IWRLS=IWRL(I)

DO 640 J=l¢NxT

RNXT (Je I)®RNXT (JeI)/CNV]
IF (IPOFS.EQeOeANDeISPEC.FEQ@s1l) GO TO 635
RSXT (JoI)aRSXT(Je1)/CNVI]
IF (IWRLS,EQeQ) GO TO &4y
WRL (Jo I)=WRL (Je 1) /CNVI
CONT INyYE

IF TaAaBULATED VALUES OF STREAMLINE ANGLES AND CURVATURES HAVE NOT

BEEN GIVEN, ENTER SyBROUTINE §TRAC
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TD2%0115
Th2%0116
TD2#0117
TD2%*0118
Th2+%0119
TN2#0120
TD2+%0121
TD2%0122
TD2+#0123
TD2%*0124
TD2%*0125
THh2%0126
TD2*0127
Th2+*0128
TD2%#0129
TD2+%0130
Th2%*0131
TN2#0132
TD2%0133
TNP®0134
TN2+%0135
TD2%0136
TD2+*0137
TD2%#0]138
TD2#0139
Tp2#0140
TN2#0141
Th2%0142
Tp2*0143
TD2#0144
TN2%0145
TN2%014¢
TN2#0147
TD2%*p148
TD2%#0149
TD2#0150
Th2%*0151
TD2%#01%2
TO2+#0153
TN2#0154
TD2#0155
Tp2#*0156
THh2#0157
TO2*0158
TD2#0159
TD2%0160
TD2%0161
TD2%0162
Th2+0163
TD2%*0164
Tp2%0165
Th2#0166
TD2%0167
TD2*01¢8
TD2%0169
TD2%0170
TD2#*0171
TD2#0172



OO0

OO0

(s XsNaNe)

660

700

710
720
730
750
760
770
780
790

800
810

620

8390

840
850

900

TD2%#0173

JF (ISTRAC.FQ.0) CALL STRAC TN2*0174
LUS=0 TD2%0175

TN2%*0176
HEGIN DESIGN STATION LOOP Th2%0177

TD2%*0178
JDS=IDS+] TD2%0179
1STG6=10S/2 TN2+0180
1BR=ICS~} TD2*01R1
IF (INS.EQ.1) GO TO 720 TN2*0182
1F (281STGNE.IDS) GO TO 710 TD2#0183
ISRI=] TD2%*0184
GO T0 7150 TD2#0185
ISR1=2 TD2%#018R6
GO0 TO 750 TD2%*0187
IF (NSPCOL.GT«1.AND.ISAV.GT,1) GO TO 730 TD2%0188
ISRIe3 TD2%0189
GO TO 750 TD2%0190
ISRI=4 TD02#0191
IF (JDLETE EQe1+AND,ISRI,LT.3) WRITE (NTAPE9760) TD2%#0192
FURMAT (1H1) TD2#0193
IF (ISR1.LT.3) GO Yo 780 TD2%*0194
WRITE (NTAPELT70) TN2%0195
FORMAT (//7/56Xs20H%% STATOR INLET 1 *#) Th2%#0196
GG 70 820 Th2#0197
IF (ISRI.EQ.2) GO TO 80O Th2#0198
WRITE (NTAPF9790) ISTG THh2%#0199
FORMAT (///776GX929H%® STATOR EXIT = ROTOR INLET 9I1l93H &#) TD2*0200
60 YO 820 Th2%#0201
WRITE (NTAPE+8l0) ISTG To2%#0202
FORMAT (///7/5TXslaHe® STAGE EXIT ¢1193H oe) TD2%0203

TD2%*0204
CBTAIN THE MASS FLOW TD2%#0205

TD2#0206
IF (ICOOL.EQe0.0R,ISRI.EQ,3) GO TO 830 TD2%#0207
IF (ISRI.EQ.4) GO TO B840 Tp2%0208
FLWP=FLWP+FLWC TN2#0209
If (IDS.EQ.NDSTATY GO TO 850 TD2%0210
GO TO 840 TD2%0211
FLWP=FLWM TD2#0212
1F (ICOCL.EG.0) GO TO 850 TD2%0213
FLWC=FLWCN(IDS) #*FLWM TD2%0214
FLw (IDS)=FLWP TD2#0215
IF (ISRI.EQ.4) GO TO 1710 Th2%*0216
CALL SPECHT TD2#0217
CALL STRIP Th2#0218

TD2%0219
CERTAIN DATA FOR THE DESIGN STATION ARE PUT INTO a MORE CONVENIENTTD2%0220
FORM TD2%#0221

TD2%0222
DO 900 JU=1snNSTRAC TD2#0223
RSTRAS(J)=RSTRAC(J91DS) TN2*0224
ASTS(J)=ASTR(JyIDS) TD2%0229
CSTS(J)=CSTR(Jv]DS) TD2%0226
IF (ISRI.EQ.,3) GO TO 1050 TD2#0227
IF (ISRI.EQ,2) GO TO 920 TD2%0228
IWRLSsIWwRL(ISTG) TD2%0229
D0 910 J=mleNXT TD2%0230
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905
910

920

92%
930

940

OO0

950

970
990

1010
1050

o000

1100

1105

1110

il1e

1115
1117
1120

RXTS(J)=RNXT(JeISTG)

IF (ISPECJEQe0sOR,ISPEC+EQe2) YOS(J)=YDSS(Je1BR)
IF (IWRLS.NE.0) GO TO 905

OVMUS (J)=0VMDR (Je IBR)

GO TO 910

WRLS(J)=WRL (JvISTG)

CONTINUE

IF (IWRLS.FQ.0) VUMS=VUM(ISTG)
ISON=0

IF (1WRLS.EQ.2) ISONs=l

GO TO 950

IF (ISPECJ.EQel) GO TO 930

DQ 925 J=1eNXT
RATS(J)=RSXT(JsISTG)

YOS (J)=Y0SS(JeIBR)
1POFS=IPOF (ISTG)

IF (IPOFS.EQ.0) GO TO 950
DG 940 J=lNXT

DyMDS (J)=aDyMDR (J9 IBR)
RXTS(J)=RSXT(JrISTG)

wHEN REQUIRED, OBTAIN INITIAL ESTIMATE OF LOSS COEFFICIENTS

IF (ISPEC.EQ.0) GO TO 1050
IF (ISRI,EQ,1) GO TO 990
DO 970 J=1NLINES
DwYOR(J) =040

wYE(J)=0,10

GO TO 1050

DO 1010 J=1,NLINES
DwYDR(J) =040

WYE (J)=0.05

1CONV=0

ILOOP=0

HEGIN ITERATION ON STREAMLINE POSITION, LOSS COEFFICIENTSs aNp
wHEN REGUIREDs POWER QUTPUT

ILOOP=]ILOCP+1

CALL STRvLZ

IF (ISRI.GE,3) GO TO 1110

IF (ILOGPQEQ.I'ANOOISPECCNECO) GO TO 1105
CALL LOSCOR(IYCONY)

IF (IYCCNV.NEs]1) ICONV=g

IF (ISRILEQ,1) GO To 1110

CALL FOWER2(IPCONV)

IF (IPCONV.NE.1) ICONV=Q

1F (IDLETE.£Q+0) GO TO 1120

IF (ICONV,EQ.,1) GO TO 1115

WKITE (ANTAPEe1112) ILOOP

FORMAT (////760XeTH® PASS s12¢2H )

G0 TO 1120

WRITE (NTAPE$1117)

FORMAT (//7/57XeslyH® CONVERGED PASS *)

IF (ILOOP,NE,1) GO TO 1124

IF (ISR1.NE,2) GO TO 1122
TO(MEAN)=TOU(MEAN)=DTO(MEAN)

VT (MEAN) = (yy (MEAN) #y Ty (MEAN) «GJCP2#D 70 (MEAN) ) / (RPM®RGT (MEAN))
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TD2%0231
Th2%*0232
TD2%0233
TNZ2#0234
Th2#0235
TN2%0236
TD2%0237
TD2%0238
TD2%0239
TN2%0240
TD2%0241
TD2%#0242
TD2%0243
TD2%0244%
TD2%#0245
TD2#0246
TD2%0247
TD2%0248
TD2%0249
TN2#0250
TD24%02%1
TN2#0252
TN2#0253
TD2#0254
TD2#0255
Th2#0256
TD2%0257
Th2#0258
TN2#0259
TN2%0240
TN2%0261
TD2%0262
TD2%0263
TD2#0264
TO2%0265
Tn2#0266
Th2#0267
Tha#o268
TD2%0269
THh2#0270
Th2%y271
Tpa#*0272
Th2#0273
Th2%0274
TN2#0275
TD2%0276
Tha®p277
Tp2%0278
TD2%0279
TD2%0280
Tp2®0281
TD2#02K82
TD2%0283
TD2%02g4
TD2%0285
Th2%*0286
TD2%0287
TD2%0288



o000

1122 CALL VMATL2

TD2%0289

GO To 1126 TD2%0290

1124 VMN=VV (FEAN) TD2#0291
1126 IF (JEXTRAFQ40) GO TO 1140 TD2%0292
IF (ICONy ,EQ,0.AND,IDLETE EQ,0) GO 1O 11490 1D2%0293
WRITE (NTAPF¢1130) TO2%0294

1130 FORMAT (////31%X469NITERATIVE DETERMINATION OF MERIDIONAL VELOCITY TD2%0295
1A1 THE MEAN STREAMLINE) TD2%0296

IF (ISRILEQ.3) GO TO 1134 TD2%*0297
WRITE (NTAPF#1132) TD2%*0298

1132 FORMAT (/722X 10HMERIDIONAL /23X ¢8HYELOCITY 266X 9AHABSOLUTE TN2#0299
14X 9BHFRESSURE/Z12X94HPASSy6X 9] 1HAT THE MEANS3IX910HCALCULATEDY TD2%*0300
214Xy 1OHSTREAMLINE +2X 9 1OHMERIDIONAL 95X 9 SHWHIRL 9 7X9SHTOTAL s TD2*0301
37R94HLOSS/11X96WNUMBER 95X g 10HSTREAMLINE 94X 9 9HMASS FLOWH 17X, TD2%0302
4OHNUMBER ¢ SX ¢ BRVELOCITY 94X s BHVELOCITY 94X 9 8HPRESSURE 03X TD2%*0303
51INCOEFFICIENT/25X9SH{FPS) 96X e OHILBM/SEC) 90X eSHIFPS) 97X TD2%*0304
6SH(FPS) s TXeSH(PSI)) TD2#*0305

GO0 T0 1160 TD2%0306

1134 wRITE (NTAPE+1136) TD2#0307
1136 FORMAT (//728X¢10HMERIDIONAL /29X ¢8BHVELOCITY 166X 48HABSOLUTEY/ TDe#0308
118X94HPASSe6X911HAT THE MEANs3X910HCALCULATED914Xes1OHSTREAMLINEs TD2%0309

22X 9 10MMERIDIONAL ¢SX o SHWHIRL  TXoSHTOTAL /17X 9o 6HNUMBERySX, TD2#0310
3J10HSTREAMLINE 14X ¢9HMASS FLOW 17X 9 6HNUMBER ¢SX 9 8HVELOCITYy4X, TO2%0311
4BHVELOCITY 94 X9BHPRESSURE/31XsSH(FPS) 96 Xe9H(LBM/SEC) 930X, TD2%*0312

ES5H (FPS) ¢ 7TXsSH(FPS) 9 TX9SH(PSI)) TD2%*0313
1140 ICNT=0 TD2%0314
ILLOOPSO TD2%031S
TD2%*0316

BEGIN ITERATION LOOP ON MERIDIONAL VELOCITY AT THE MEAN STREAMLINETD2%0317
TD2%03i8

1150 ILLOOP=ILLOQP+] TN2#0319%
CALL RADEQ2({LSGN) TDN2%0320

IF (LSGN.NE,1) GO TO 1200 TD2%0321
WRITE (NTAPE#1155) yMMyILOOP,ILLOOP TN2#0322

1155 FORMAT (25X ,34HEQUATIONS ARE SINGULAR WHEN VMM = oFl204,8HILOOP = TD2%0323
19I16913HAND TILLOOP = 416) TD2%0324
CALL REMAN2 TD2#0325

CALL QUTPUT TN2*0326

1160 IF (NSPOOL.£Q.)) GO TO 1730 TD2%0327
IF (ISAV _,EQ NSPOOL) GO TO 1o TD2#%0328
ISAV3[SAVe] TD2%0329

VO 1170 IABRT=ISAVeNSPOOL TD2%0330

1170 READ (ITAPE ,NAM2) TD2#0331
GO T0 10 TD2%0332

1200 IF (IEXTRA.FQ.0) GO TO 1250 Tn2%0333
IF (ICONV,NE,1,AND,IDLETE,NE,1) GO TO 1250 TN240334

00 1205 Ja} NLINES TD2%0335

1205 PO(J)=PO(J)/CNV2 TD2%*0336
IF (ISRI.EQ, 3) GO TQ 1215 TN2#0337
WRITE (NTAPE91210) ILLOOPsVMMDFLWT e (JsVM(J) oVT(J)sPO(J) owYE(J)y TNH2#0338

1 JELoNLINES) ™T2a+#*#0339
1210 FORMAT (/13xel1296xX9F10,398X9F10,5¢19x012¢95X9F10,342X4F10,3, TN2*0340
13X9F 9,4 94XoFBe5/(A4XeI205XoF10e392XeF10e393XF9,444X,F8,5)) TD2%0341

G0 TO 1230 TN2%0342

1215 wRITE (NTAPE+1220) ILLOOP,yMMsDFLWT s (JovM(J) VT (J) ePO(J) TD2%*03643
1 Ju=loNLINES) TN2%0344
1220 FORMAT (/19X9I296XeF10e¢96X9oF10s5¢19X0I295X9F10,3¢2XeF10.3, TD2%0345
13X9FG 4/ (TOXsI245KsF10,392XF10,393X4F9,4)) TD2#0346
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RN
adn

o000

o000

OO0

000

1230 D0 1240 J=l NLINES TN2%0347

12640 PO(J)=CAV24p0O(J) TD2%0348
1250 RATIO=aUFLWT/FLWP TD2%*0349
T™h2*0350

CHECK CONVERGENCE ON MASSFLOw AND MEANLINE vM TD2%-0351
TD2%*0352

1260 IF (ABS(RATIO=1,0)+GT+TOLFLW) GO TO 1305 TD2%0353
IF (ABS(VMM/VMMQO=1,0) oLE,TOLVM) GO TO 1500 TD2#0354

1305 IF(ILLOCP.LT.NLLOOP)GO TO 1350 Th2#0355
WRITE (NTAPE,1310) ILOOP TN2%#0356

1310 FORMAT (//19X992KHITERATION FOR THE MERIDIONAL VELOCITY AT THE MEANTD2%0357
1 STREAMLINE HAS NOY CONVERGED WHEN ILOOP = ¢12) TD2#0358
-CALL RENAN?2 TD2%0359
CALL GUTPUT TD2%0360

GO T0 1le0 TD2%0361
TD2%0362

MAKE NEXT ESTIMATE OF MEANLINE MERIDIONAL VELOCITY THh2%*0363
TDN2*03¢4

1350 vMNMOO=vMMO TD2#0365
1360 VMMOaVMM TD2%0366
1370 CALL VvMSuB2 TD2%#0367
IF (ICNT_,GT NCNT) GC TO 1380 TD2%0368
DFLWTO=CFLWT TD2%0369

GO T0 llso TD2%0370

1380 WRITE (NTAPE+1390) ILOOP TD2%0371

1390 FORMAT (//SXe29HCALCULATION ABANDONED ON PASSsI3,90H BECAUSE OF INTD2%0372
1STABILITY IN MEANLINE MERIDIONAL VELOCITY ITERATION DUE TO CHOKED Tp2+%0373

2CONDITIONS) TN2#0374
CALL REMANZ TD2%0375
CALL OUTPUT THh2%*0376
GO TO 1160 TD2#0377
1500 IF (ICONV.EQe.1) GO TO 1700 TD2#0378
IF(ILOOPLLT,NLOOP)GO TO 1520 TD2%0379
WHITE (NTAPE,1510) TN2*0380
1510 FORMAT (//12Xe 103HITERATION FOR STREAMLINE POSITIONSe PRESSURE LOTD2%038]1
1SS COEFFICIENTSy OR STAGE WORK OUTPUT HAS NOT CONVERGED ) Tp2*03g2
ICONy=1l TD2%#0383
GO TO 1700 TD2*0384
1520 IF (IDLETELEQ.0) GO YO 1550 TD2%0385
CALL REMANZ Th2+#0386
CALL CUuTPUT TD2*0387
TD2#0388
OBTAIN NEw ESTIMATES OF STREAMLINE POSITIONS TN2%#0389
TD2%*0390
1550 1COnV=l . TD2%0391
TUBFLW=DFLWT/ENM] TD2%0392
NFLOWP=Q,0 TD2%0393
00 1560 J=2,NTUBES TD2%0394
NFLOYP=0FLOGP+TUAFLY TD2#0395
CALL I1AP) (DFLOWPRPIDFLOWIRSTINLINES) TD2%*0396
IF (ICONV.EQ.0) GO TO 1560 TN2+%0397
IF (ABS (RP/RST (J)=14+0) «LE.,TOLRAD) GO TO 1560 TD2#0398
ICONVSE) TD2%0399
1560 RST(J)=mRP TD2%0400
GO TO 1100 TN2%0401
TD2%0402
WRITE OUTPUT OF CONVERGED PASS AND PREPARE DATA FOR NEXT STATION TD2%0403
TD290404
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1700
1710

1730

OO0

1800

1810
1820

1825

1830
1840

1845
1850

2000

CALL REMANZ

CALl. SETuRZ

CALL OUTPUT

IF (ICS.LT.NDSTAT) 6O TO 700
IF (NSPOOL.GT.l) GO TO 2000
IF (ISAV.GE.NAV) GO TO 19

RECONVERT INPYUT DATA INTO THE ORIGINAL yNITS

DO 1800 J=sl,NLT
RLT(J)=CNV1#RLT (J)

POLT (J)=POLT(J)/CNV2

BETLT (J) =CNy3#BETLT (J)
RPM=CNV&48RPM

HP=HP/CNVS

IF (ISTRAC.FQ,1) GO TO 1820
DO 1R1C I=)1.NSTAT
XSTAT(I)=CNVI®XSTAT(I)

DO 1810 J=1,2
RANN(TeJ)=CNVI®#RANN({Iod)

GO TO 18490

DO 1830 I=1,NDSTAT

DO 182% J=1.2

RANN (T 9J) SCNVI®RANN (I 9 J)

DO 1630 J=1,MSTRKAC
RSTRAC(JeI)=CNV1I#RSTRAC(Uy1)
ASTR{JsI)=CNVI#ASTR{JrI)
CSTR(JeI1)=CSTR(JsI)/CNVI

DO 1850 I=1,NSTG
IPOFS=IPOF(T)

IwRLS=IwRL(I)

DO 1850 J=1NXT

RNXT ¢de I)SCNY1I®RNXT (Jo )

IF (IPOFS,EQ,0,AND,ISPEC,EQ,1} GO TO 1845
RSXT(JeI)=CNVI#RSXT (JeI)

IF (I%RLS.EQ.0) GO TO 1850
WwRL(Je 1) =2CNy3®yRL (Js 1)
CONTINUE

GO T0 50

IF (ISAV,LT . NSPOOL) 60 TO 5%
GO 70 10

END
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TD2%0405
TD2%0406
TD2#0407
TN2#0408
TD240409
TD2%0410
TD2%#0411
TD24%0412
TD2%0413
TD2+#0414
TN2%0415
TD2%0416
TD2%#0417
TD2%0%)8
TD2%0419
TD2#0420
TD2%#0421
Th2%#0422
THD2%0423
TD2%#0426
TD2%0425
TD2#0426
TD220427
TN2*0428
Th2#0429
T02%0430
TD02%0431
Th2%#0432
Th2#0633
TD2%#0434
TD2%0435
TD2%#0436
TD2#0437
TD2%0438
TD2#0439%
TD2%0440
TD2#0441
TD2#0642
TD2%0643
TD2#064¢%
TD2%0445
TD2®044¢



APPENDIX VI
SUBRAUTINE [NPUT2

The function of Subroutine INPUT2 is to write the input data for
a spool onto the output tape unit.

Subroutine INPUT2 is called by the main routine; it does not
call any other subroutines. The subroutine does not require external in-
put. Internal input to the subroutine is transmitted through blank C@MM@N,
CAMMEN/C@M2/, COMMON/CEML/, COMMEIN/COM5/, COMMEN/CPMI0/, and COMMBN/CEMI2/.

The internal input consists of:

ASTR CcP CSTR DVMDR FHP
FLWCN HP ICopL IMIX IP@F
1SAYV ISPEC ISTRAC IWRL NAV
NBR NDSTAT NLINES NSTAT NSTG
NSTRAC NSP@@L NTAPE NXT RANN
RNXT RPM RSTRAC RSXT TaC
VUM WFN WRL XMIX XSTAT
YCON Y@BSS

(These symbols are described in the appropriate sections of the C@MMEN
Fortran Nomenclature.) Subroutine INPUT2 does not provide internal out-

put. The external output of the subroutine consists of:

ASTR cP CSTR DVMDR FHP
FLWCN HP ISAV NSTG RANN
RNXT RPM RSTRAC RSXT THC
VUM WRL XMIX XSTAT YCEN
Y@SS

Additional Fortran Nomenclature for Subroutine INPUT2

The following table gives the Fortran nomenclature for those

symbols used in Subroutine INPUT2 which are not part of C@MM@N.

Fortran

Symbol Symbol Description Units
CONIT Alternative name for YC@N(1) --

CPN2 Alternative name for YC@N(2) --
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Fortran

Symbol Symbol Description Units
CPN3 Alternative name for YCON(3) --
CONL Alternative name for YCON(4) -
C@N5 Alternative name for YC@N(5) --
C@NG Alternative name for YC@N(6) --
C@N7 Alternative name for YC@N(7) --
C@NS Alternative name for YCON(8) --
CEN9 Alternative name for YC@N(9) --
FMT1 Format specification --
FMT2 Format specification -
FMT3 Format specification --
FMTL Format specification -
HW1 Alphanumeric information -
HwW2 Alphanumeric information --
1STG . Stage index -
W Integer used to control format

specifications --
NB Integer used to control format

specifications --
NBLNK integer used to control format

specifications --
NE Integer used to control format

specifications --

NF Integer used to control format
specifications --

NFILL ‘Integer used to control format
specifications --
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OO0 0

l60
170
180

190
200

210
220
230
240
250

260

270

280

SUBHOUTINE INPUTZ2
INPUTZ = PRINT THE SPOOL INPUT DATA

COMMON IBReICOEFeICONVeICOOL»IDLETE2IUSyILLOOP» TLOOP,ILOSS,
1IMIX9ISAV.ISONeISPECY ISRIZISTGy IPOFSsNDSTATINLINESsNSPOOL »
eNSTGyNTAPEJNTUBES» IWRLS

COMMON /COM2/CP (17)+CP13CP2yCPIyCP&sCPSHEJUCPYIVEUCP2Y
1GAMA] 9yGAMAR GAMA3 ¢GAMB1 9GAMC) yGAMD29GAMUI yGAMD4 ,GAMUS »
2GAM] 3 GAM2 ¢ GAMI 9 GAM&G s GAMS ¢ GASC ¢yGGG1 9GJCP) yGUCP12,GJUCP2
JGJCP229GJCPI29¢GJCP42+GUCPS2

COMMON /COM&/FLW(17) oFLWP ¢HP oRPMIRST(17) 9WFN (17)

COMMON /COME/ASTR(17917)9ASTS(1T7)+BETLT(LT7)9sCSTR(1Te17),
1CSTS(LIT)oDTO(LIT) oFHP(B) o FLWC o IPOF (B) s ISTRACINLT,
2NSTATeNSTRACINXTIPOF (1798) yPOLT(17) sRANN(1992) oRLT(1T)
ARSTRAC(17917)9RSTRAS(L1T) +RXTS(LT) o TOC(16)+TOLT()17)
4WRLS(1T7) oXMIX(1T7916) o XSTAT(19)9YOS(17)9IWRL(B)sVUM(B) eVUMS,
SOVMDRS (17) sDVMDS(1T)

COMMON /COM)IO/FLWCN(16) ¢NAVINBRoRNXT (17+8) s RSXT (1798)
IWRL(17+8)9Y0SS(17s16) 9DVMDR(17916)

COMMON /COM12/ CON1sCON29CON3IyCON&sCONSyCONGCONT9CONByCONG

DIMENSION FMTL1 (3) oFMT2(3) oFMTI(5) oFMTE(T) oHW] (8) yHW2(5)

DATA FMT1(1)sFMT1I(3)/6H(//  +6Hy1BA6) /4FMT2 (1) +FMTZ2(I)
1/76H¢{ 96HI1BA6)Y /7 9FMTI (1) o (FMT3(I)9sIm395)/6H ¢
2o6HIB (4 Xe96HIZ206X) v6H) JoFMTL (1) o (FMTA&(I)sIn3s7)
3/76H v6H9ISXy 96HI295X +6HIBI1Xe9E6EHFB,59 »6KIAX}) /7

DATA (Hwl(I)sI=198)/6H STRPEAeoHMLINE sgh HL A9 4HDE ’
16H ANUMyAHRER 16H ROy6HW /

DATA (HW2({I)sI=1e5)/6H12X s6H24 X »6HIGX s6H&BX ’
26H60X /

IF (NSPOOL,GT,1) GO TO 170

WRITE (NTAPE9160)

FORMAT (1H1//7/54Xy24H%%e SPOOL INPUT DATA #aa)

GO TO 190

WRITE (NTAPF,180) ISAV

FORMAT (1K1///7/51Xe25H%%8% INPUT DATA FOR SPOOL ¢1194%H ®ne)

WwRITE (NTAPE+200) RPMyHP

FORMAT (////53Xe25H#%* DESIGN REQUIREMENTS ®##,///5]1X¢ 17HROTATIVE

1SPEED = +sF9.le4H RPM/53X¢]5SHPOWER OUTPUT = »F9e2¢93H HP)
1IF (NSPOOL ,EQ,1 ,AND,NAV,GT,1) GO TO 22¢
WRITE (NTAPE#210)
FORMAT (///7/54X+24H%% ANALYSIS VARIABLES ##)
GO 10 24¢
WRITE (NTAPF,230) ISAV
FORMAT (///7/7649Xy TH#® SET +12925H OF ANALYSIS VARTAHLES ew)
WRITE (NTAPE.250) NSTG
FORMAT (///56Xs19HNUMBER OF STAGES = +11)
WRITE (NTAPE$260) (IoFHP(I)sIxl9sNSTG)

FORMAT (///55xe22H% POZER.OUTPUT SPLIT #,//69x,11HFRACTION OF
151%9 1'2HSTAGE NUMBER,3Xy]18HSPOOL POWER OUTPUT//(56Xs11913XeFBe5))

WRITE (NTAPE9270) (IeCP(1)9I=)eNDSTAT)

FORMAT (///50x931He SPECIFIC.HEAT SPECIFICATION #///64x,
121HDESIGN STATION NUMBER.5X9 )} 3HSPECIFIC HEAT/69X,
215H(RTU/LAM DEG R)//(S54Xe12916XeFBe5))

WRITE (NTAPE280)

FORMAT (///%3%X925H® ANNULUS SPECIFICATION ®)

IF (ISTRAC.EQe¢l) 30 TO 300
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IMP#0000
INP*0001
INP*0002
INP#0003
INP*0004
INP*0005
INP#0006
INP®*0007
INP®*000H
INP*0009
INP#0010
INP#0011
INP*#0012
INP#*0013
INP*0014
INP#0015
INP®*0016
INP®*0017
INP#0018
INP*0019
INP#0020
INP#0021
INP#Q022
INP*#0023
INP*0024
INP#0025
INP#0026
INP®*0027
INP*0028
INP®*0029
INP#0030
INP®*0031
INP#*)032
INP®*0033
INP#*Q034
INP#0035
INP®#0036
INP#0037
INP*0038
INP#0039
INP®#0040
INP#*0041]
INP#0042
INP#0043
INP*0044
INP#004S
INP%(Q 046
INP®*0047
INP#0048
INP®0049
INP#*0050
INP#0(51
INP#0052
INP®00S3
INP®#Q(54
INP#Q 055
INP®#00S¢



WRITE (NTAPE290) (IsXSTAT(I) s (RANN(I9J)eJ=1,y2)IxleNSTAT)
290 FORMAT (//32Xsl4HSTATION NUMBER4X914HAXIAL POSITION,6X,
110HHUB RADIUS»6X913HCASING RADIUS/SSXe4r (IN) plaxyaH(IN)
60 Tc 350
300 WRITE (NTAPE+310) (Is(RANN(IyJ)eJ=ls2)eI=19NDSTAT)
310 FORMAT (//37X92)1HDESIGN STATION NUMBERs&4 Xyl 0HHUR RADIUS,6X,
113HCASING RADIUS/6SXe4H(IMN) 914Xe4H(IN)//(46K¢125X02F18,4))
WRITE (NTAPEZ320)
320 FORMAT (///51X929H* STREAMLINE SPECIFICATIONS #)
DO 330 I=14NDSTAT

330 wRITE (NTAPE¢340) [ (RSTRAC(J9I)gASTR(JsI)eCSTR(Js1)Jx]1+NSTRAC)

340 FORMAT (//57X96HRADIAL s TX9sBHANGLE OF f36X+ 1 4HDESIGN STATION,

11302X910HCOORDINATE +3X9 1 1HINCLINATION»4X e 9HCURVATURE /58X 04K (IN) »

29%X95H (DEG) yBXs8H(PER IN)//(50x93F14,5))
350 IF (ICOOL.EQ.0) 6O TO 400
WRITE (NTAPE$360)
360 FORMAT (///56X%X¢20H® COOLANT SCHEDULE #)
IF (ICOOL.EQ.l) GO TO 38p
WRITE (NTAPE9370) (I9FLWCN(I)sTOC(I)slx19NBR)

370 FORMAT (//60X911HFRACTION OF yBXySHTOTAL/Z40X 16HBLADE ROW
INUMBER 92Xs 16HINLET MASS FLOW3Xy11HTEMPERATURE/78XsTH(DEG R)//

2(47TXe1294XeFl6+59F1642))
60 TO 400
380 WRITE (NTAPE$390) (I¢FLWCN(I)sI=)oNBER)

390 FORMAT (//68Xs11HFRACTION OF/48X+ 16HBLADE ROW NUMBER#2X,

11SHINLET MASS FLOW//(55X9I294X9eF1645))
400 IF (1MIX.EQ.,0) GO TO 460
WRITE (NTAPE+410)
410 FORMAT (///54%x923H® MIXING COEFFICIENTS #)
Iw=0
420 Iw=Iwel
Nb=]
NE=NHR
IF (Iwe.EQs2) NB=9
IF (Iw,EQ,1,AND _NBR_,GT,8) GO TO 430
NFILL=NBR=Ba (IW=])
NBLNK= (10=NFILL) /2
GO T0O 440
%30 NE=8
NFILL=S
NBLNK=1
440 NBUNKI=NBLNK+]
FMT1(2)=Hw2 (NBLNK)
FMT2(2)=Hv2 (NBLNK)
FMT3(2)=Hw?2 (NBLNK])
FMT4(2)2Hw2 (NBLNK)
WRITE (NTAPESFMTL) HWl{1)oHwl(2) e (Hwl{3)oHwl (4),IsleNFILL)
WRITE (NTAPESFMT2) HWLI(5) sHW1(6) o (HWL1(T)sHWL(8)4eIaloNFILL)
WRITE (NTAPEsFMT3) (I9I=NHBINE)
WRITE (NTAPE445)
445 FORMAT (1X)
DO 450 J=1+NLINES
450 WRITE (NTAPESFMTSE) Jo (XMIX(JeI) 9 IaNByNE)
IF (IWeEQ,1.AND.NBR.GT48) GO TO 420
460 WRITE (NTAPE»470)
470 FORMAT (///51X¢29H® BLADE=ROW EXIT CONDITIONS #)
DO ¢80 I=14NBR
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ISTG=(I+1)/2 INP#0115

IF (2%#(1/2).EQ.1) GO TO &no0 INP#0116
WRITE (NTAPE«500) ISTG INP#0117

S00 FORMAT (///30X96HSTATORs12) ) INP®0118
IF (ISPEC.NE.1) GO YO 55¢ INP*#Q119

IF (IWRL(ISTG) «EQ.0) GO TO S20 INP#0120
WRITE (NTAPEWS510) (RANXT(JsISTG) swRL (JeISTG) eJ=1eNXT) INP®*0]121

510 FORMAT (47X ,6HRADIAL 99X o1 SHWHIRL/46XeBHPOSITION AXsSHANGLE/Z4BX44M(IINP®O122
IN) s lOXeSHIDNEG)// (45X 9F10.494XsFl0,4)) INP*0123

GO TO 680 INP#0124

520 WRITE (NTAPEsS530) (RNXT(JeISTG) osDVMDR(JsI) 9oJ=)sNXT) INP#0]25

S30 FURMAT (59X,10HMERIDIONAL/47X9s6HRADIALy7X4BHVELOCITY/46XsBHPOSITIOINP#0]26
INIOXsBHGRADTENT /48X 94H(IN) ¢ TX910H(PER SEC)//(4S5XsFl0e4s4XeF1042)) INP®*0127

535 wRITE (NTAPE¢54¢0) VUM(ISTG) INP*Q] 28
5640 FORMAT (//730Xe40HWHIRL VELOCITY AT THE MEAN STREAMLINE = 9F10,4s INP®01l29
116H FEET PER SECUOND ) INP#0130
GO T0 689 INP®#Q131]
550 IF (IWRL(ISTG)#EQ.0) GO TO 570 INP#0132
IF (1SPEC,EQ,0) GO TO 565 INP®0133
WRITE (NTAPE9560) (RNXT{JoISTG) oWRL (J9ISTG) s YOSS(Jsl)rUzlenNXT) INP®Q134

560 FORMAT (47XegHRADIAL 99X9SHWHIRLyoX9 10HAUDITIONAL/46X9BHPOSTITIONs INP#0135
18X e SHANGLE 49X 94KLOSS/48Xs4H(IN) 9 10X9s5SH(DEG) 18Xs6HFACTOR//(45X9F10¢INP*(1236

24994XeFl0e494XeF10,4)) INP#O137
GO0 T0O 6By INPROL138
565 WRITE(NTAPE«S566) (RNXT(JsISTG) sWRL(J9ISTG) ¢ YOSS(Jel) sJd=]eNXT) INP%*0139

566 FORMAT (47X 46HRANDTIAL 99X 9SHWHIRL 97X 9 BHPRESSURE/46Xs8HPOSITIONygXeS5HINP20140
1ANGLE ¢ 99Xy 4HL 0SS5 /48X et (IN) 910X9SH(DEG) 95Xy LAHCOEFFICIENT// (45X4F10INP20141

20494XeF10a444X9F10e4)) INP®Q142
GO TJO 680 INP#0143
570 IF (ISPEC.,EQ.0) GO TO 585 INP#0144
WRITE (NTAPE580) (RNXT(JsISTG) ¢+DVMDR(JeI) 9 YOSS(JUsI) 9 JS]1eNAT) INP#0145

580 FORMAT (59X410HMERIDIONAL /47X sOHRADTIAL 97X 9BHVELOCITY 45X910HADNITIOINP#0146
INAL /46 X9 BHPOSITION 6 X9 BHGRADIENT 9B X 04HLUSS/48X94H (IN)Y s T X9 10H(PER INP#(0147

2SEC) o6 X9 6HFACTOR/ /(45X 9F 100494 XoF10e294X9F10,4)) INP#Q148
G0 70 535 INP®#0149
585 wRITE (NTAPFE ,586) (RNXT(JeISTG) 9DVMDR(JsI) s YUSS(JsT)od=1oNXT) INP#0150

586 FORMAT (59X ] 0HMERIOIONAL /47Xy 6HRADIAL 9 TXyBHVELOCITY 16X ¢8HPRESSURE/INP®(15]
146X98HPOSITIONs6X ¢ GHGRADIENT o8 X 0 4HLOSS/48X e 4H(IN) 27X 910H(PER SEC) INP20162

294Xy 11HCOEFFICIENT// (45X sF10,494X9F10,20%x9F10,4)) INP®*0153

GO 70 53% INP®0154

600 wRITE (NTAPEs6lo) ISTG INP#0155
610 FORMAT (///30x+5HROTOR,12) INP£0156
IF (ISPEC.NE.1) GO TO 65¢ INP®Q)57

IF (IPOF(ISTG)«£@a1) GO YO 630 INP2015g

615 WRITE (NTAPE,620) INP#0159
620 FORMAT (//4nX»5)1HSOLUTION COMPUTED FOR RADIALLY CONSTANT WORK OUTPINP®#Q]6p
1UT) INP#0161

GO TO 689 INP#0162

630 WRITE (NTAPEs64p) (RSXT(JeISTG) eOVMOR(JIoI) sJdz]oNXT) INP#0163

640 FORMAT (59X ,10HMERIDIONAL/47X96HRADIAL 9 7XyBMVELOCITY /46X 98HPOSITIOINP#*#0]1¢4
IN1O6X s BHGRADIENT /4B x94H (IN) 9 Tx o LOH(PER SEC)//(45%eFl0ebsbxeF10,2)) INP*0]165

GO To 68¢ INP*#0166
650 IF (IPOF (ISTG)+EQ.1) GO TO 670 INP#01g7
IF (ISPEC.£0,0) GO TO 665 INP*0])68
WRITE (NTAPE+660) (RSXT(JeISTG)oYOSS(JeI) eJ=]19NXT) INP*0169
660 FORMAT (47X 46HRADTAL 120Xy 10HADDITIONAL/46X9BHPOSITION?22X94HLOSS/ INP*0170
] 48Xo4H(IN) 23X y6HFACTOR//(45KoF10e4918K9F10,4)) INPaQ171
80 T0 635 INP®*0172
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665 WRITE (NTAPE+666) (RSXT(JyISTG) 9YOSS(Jsl) ¢J=19NxT) INP®#0173
666 FORMAT(47Xs6HRADIAL 921X 98HPRESSURE/46X9BHPOSITION22X94HLOSS/48X94INP#Q174

1H(IN) 921 X9 1 1HCOEFFICIENT//(45X9F10e%018R9F10,4)) INP®*0175
G0 TO 615 INP®#Q176
670 IF (ISPEC.EQ.0) GO TO 676 INP*0177
WRITE(NTAPE+675) (RSAT(JeISTG) sDVMDR(Je1) 9 YOSS(JeI) v J=19NXT) INP#0178

675 FORMAT (S9x,10HMERIDIONAL /47 x¢6HRADIAL 37X 48hVELOCITY5x,10HADDITIOINP#0]179
INAL/46Xs8BHPOSITION»6XyBHGRADIENT 98X 9 4HLOSS/48X 94 HIIN) 9 TX910H(PER INP#0]180

2SEC) 96X 9b6HFACTOR/ (45X9F10,4+4X9F10e294X9F1044)) INP*01gl
GO TO 689 INP#Q]182
676 ARITE(NTAPE«677) (RSXT(JoISTG) sDVMOR(J9I) e YOSS(JeI) 0=l eNXT) INP#0183

677 FORMAT(59X+10HMERIDIONAL/4TXs6HRADIAL 9 7TX9e8HVELOCITY 16X 9 gHPRESSURE/INP#*01 04
146X 4BHPCSITION 96X ¢ BHGRADIENT 98X 9 4HLOSS /48X 90H (IN) o TX 4 10H(PER SEC) INP#018S

294X911HCOEFFICIENT// (45X 9F10e404X9F10e204X9F1044)) INP#(0186
680 CONTINUE INP®0]187
IF(ISPEC.,EQ,.0) GO TO 710 INP*#(]188
WRITE (NTAPE ,685) INP*0189

685 FORMAT(///748X935He BASIC INTERNAL LOSS CORRELATION ®& 4//7/) INP®#01S0
WRITE(NTAPE+690) CONG69CONT9sCONByCONI INP#0191

690 FORMAT(S7H TAN(INLET ANGLE) + TAN(EXIT ANGLE) INP®0192
1( oF10,843H » oF10,8014H & (V RATIO)®® oFS 2421H) IF (V RATIOINP#0193

2) oL T +F10.8) INP*0194
WRITE(NTAPE +695) INP*0195

695 FUORMAT(2X153HY 2 coesccccccccncenarccccncncrarmcccrsascen= #TIMES*INP*#0]196
1 ) INP#0197
WRITE (NTAPE.700) CON49CONSeCON19CON2yCON3yCONI INP#0198

700 FORMAT(6X9F10,893K « 2F10,8928H ® COS(ExIT ANGLE) ( oF1INP#0199
10e8930 oF10,8¢13H ®((V RATIO)= oF5,3922KH)) IF (V RATIQ) ,GE, INP#0200

2 *Fl0.8) INP®*0201
wWRITE(NTAPE.705) CONS INP®*0202

705 FORNMAT(///720X982HTHE PRESSURE=LOSS COEFFICIENT COMPUTED IN THIS MAINP*(0203
INNER MAY NOT EXCEED A LIMIT OF oFl0.4a) INP#0204
710 CONTINUE INP®#0205
RETURN INP®0206

END INP®0207
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APPENDIX VII

SUBR@UT INE_STRAC

The function of Subroutine STRAC is to obtain the angles of in-
clination and curvatures of the hub and casing streamlines at each design
station of a spool. This is done in a manner such that the obtained val-
ues can be treated as if they had been specified in the input data.

Subroutine STRAC is called by the main routine when streamline
angles of inclination and curvatures are not specified in the input data;
it does not call any other subroutines. The subroutine does not require
external input and does not provide external output. Internal input and
output of the subroutine are transmitted through blank C@MM@N, and CPMM@N/
CPAM5/. The internal input consists of:

NDSTAT RANN XSTAT
The internal output consists of:
ASTR CSTR NSTRAC RSTRAC

(These symbols are described in the appropriate sections of the C@MM@N

Fortran Nomenclature.)

Additional Fortran Nomenclature for Subroutine STRAC

The following table gives the Fortran nomenclature for those

symbols used in Subroutine STRAC which are not part of C@MM@N.

Fortran
Symbol Symbol Description Units
DTDX 4_‘:) Second derivative of the radial
dr/ position of the hub or casing at
a design station with respect to
axial position per ft
DX Win (Xpe=%,, X,- %) Smaller of DXL and DXR ft
DXL K- Xqay Axial distance between a design
station and the upstream sta-
tion ft
DXR P CTRRA Axial distance between the down-
stream station and a design sta-
tion ft
TANA (é![3 Derivative of the radial posi-
o/ tion of the hub or casing at a
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Fortran
Symbol Symbol Description Uni ts

design station with respect to
axial position -

TANL (-1 Straight-line slope of the hub
(X}!Ziﬁ> or casing streamline between a
design station and the upstream
. station -
TANR (11+Lj:f) Straight-line slope of the hub or
(¥os, _7ﬂ> casing streamline between the
downstream station and a design
station —_
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OO0

50
100

200

SUBROULTINE STRAC

STRAC = DETERMINATION COF HUB AND CASING VALUES OF STREAMLINE
ANGLES OF INCLINATION AND CURVATURES

COMMON IRRyICOEFsICONVyICOOLIDLETE+IOSyILLCOP«ILOOP,ILOSS,
1IMIXyISAV.ISONyISPECIISRIZISTGe IPOFSeyNDSTAToNLINESINSPOOL Y
2MSTGWNTAPE e NTUBESyIWRLS

CUMMON /COMB/ASTR(1T7917) s ASTS(LT)+BETLT(17)oCSTR(17017)
1CSTS(17)eDTO(1T7) sFHP(B) oFLWCyIPOF (8) o ISTRACINLT
2NSTATyNSTRACONXTIPOF (L798) s POLT(17)9RANN(LI992) sRLT(LT)
ARSTRAC(17+17)9RSTRAS(17) yRXTS(17)9TOC(16)9TOLT(17)

AWKLS (17) 9 XMIX(1T7916) 9 XSTAT(19) 9 YOS(17)sIWRL(B) oVUM(H) sVUMS,
SOVMDRS (17) +DVMDS(17)

NSTRAC=Z2

DO 200 Jsle2

DAL=XSTAT(2)=XSTAT(]1)

TANL= (RANN(29J)=RANN{10J))/DxL

DU 200 I=1eNDSTAT

DXR=XSTAT(I+42)=XSTAT(I+1)

TANR= (RANN(1+29J)~RANN(1Ie1¢J))/DXR

TANA=Q.5% (TANR+TANL)

ASTR{JsI)aATAN(TANA)

IF (DXR.GT.DXL) GO TO 50

DA=0XR

GO 10 100

LA=DXL

DTDOX= (TANR=TANL) /DX

CSTR(JeI)=DTDX/ (1l a0sTANARRZ) @8] 5

RSTRAC(JsI)RANN(TI®)oJ)

DXL=DXR

TANL=TANR

RETURN

END
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APPENDIX Vi1

SUBRPUT INE SPECHT

The function of Subroutine SPECHT is to determine various val-
ues of the specific heat at constant pressure, specific heat ratio, and
related parameters which are required to perform the calculations at a
particular design station.

Subroutine SPECHT is called by the main routine; it does not
call any other subroutines. The subroutine does not require external in-
put and does not provide external output. Internal input and output of
the subroutine are transmitted through blank C@BMM@N, C@MMBN/CEM2/, and
COMMPN/CPM6/. The internal input consists of:

CP EJAY GASC Go 1SAVY
ISR NDSTAT NSPAAL

The internal output consists of:
CP1 cpP2 CP3 cPL CP5
EJCPI EJCP2 GAMA1 GAMA2 GAMA3
GAMB! GAMC 1 GAMD2 GAMD3 GAMDL
GAMDS GAM1 GAM2 GAM3 GAML
GAM5 GGG GJCPI GJCP12 GJCP2
GJCP22 GJCP32 GJCPL2 GJCP52

(These symbols are described in the appropriate sections of the C@MM@N

Fortran Nomenclature.)

Additional Fortran Nomenclature for Subroutine SPECHT

The following table gives the Fortran nomenclature for those

symbols used in Subroutine SPECHT which are not part of C@MM@N.

Fortran

Symbol Symbol Description Units

CP10 CP‘ Specific heat at constant pres- Btu per Ibm
sure at the inlet of a spool deg R

CP100 C? wict Specific heat at constant pres- Btu per Ibm
sure at the inlet of the turbine deg R
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Fortran

Symbol

FUNI

FUN2

FUN3

Symbol

Description

Arithmetic statement function de-
fining specific heat ratio in
terms of specific heat at con-
stant pressure and gas constant

Arithmetic statement function de-
fining a parameter related to
specific heat ratio

Arithmetic statement function de-
fining a parameter related to
specific heat ratio
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s NeXeNy!

100

SUBROUTINE SPECHT

SPECHT = DETERMINATION OF SPECIFIC HEATSe SPECIFIC=HEAT RATIOS
AND RELATED PARAMETERS

COMMON IBR+ICOEFsICONVoICOOL s IDLETE2IOSoILLOOP»TLOOP,ILOSS,
1IMIXyISAVTSONSISPECeISRIZISTGs IPOFS,NDSTATyNLINESsNSPOOL s
ZNSTGoNTAPE oNTUBESy IWRLS

COMMOR /CUMP/CP{17)sCP19CP2+CPIsCP4+CPSIEJCPLIEUCPEY
1GAMA] yGAMAZ ,GAMAI 4GAMA1 yGAMC] yGAMD2 ¢GAMD3 4GAMD 4G ,GAMDS ¢
ZGAM] yGAM2 4 GAMI 9GAMS yGAMD yGASC)GGG]l vGUCP19GJICP12,GUCP2
IGJCP22+GJCPI21GJCPE24GJCPS2

CUMMORN /COMB/CNY ] 9yCNV2eCNVIoCNVS I EJAYsGOsPI e TOL WY

FUN1(#)=EJAYH#A/ (EJAYRA=GASC)

FUN2(A)=AZ (a=140)

FUNI(A)=2,08GO0*EJAYSA

CP1=CP (10S)

GAM1I=FUNL1{CP1)

GAMAl=F N2 (GAM])

GAMB1=GAMA) /GAM]

GAMC1=0,5/GaMB1

GUG1=GO#GASCHGAML

EJCPI=EJAY#CP1

GJCP1=GO#EJCPL

GJCP12=2,0%¥GJCP]

IF (ISRI.NE3) GO TO 1060

cPloo=CrPl

CP1Q=C»Pl

RETUKN

CPZ2=0.5%(CP)+CP(IDS=1))

GAM2=Fun1(CP2)

GAMAP=FUNZ (GAMZ)

GAMD2=21.0/GAMA2

EJCRPZ2=EJAY#CP2

GJCpPe=GQeEUCP2

GJCP22=2,0%GJCP2

IF (ISRI.EQ,1) RETURN

CP3=0.,57(CP1+CP({IDS=2})

GAMI=FUNL (CP3)

GAMA3=zF N2 {GAM])

GAMD3=1.,0/6AMA3

GJCP32=FUNI(CP3)

IF (ICSNENDSTAT) RETURN

CP&4=(.5%({CP1+CP10)

GAM4=FUN] (CP&)

GaMD4=]1,0/FUN2{GAMSG)

GJCP42=FUNI (CPG)

CPlo=cPl

IF (NSPQOL ,EQ,1) RETURN

IF {ISAV.LT NSPQOL) RETURN

CP530,5%(CP1+CP100Q)

GAMS2FUN] (CRD)

GAMDS=] ¢ 0/FUN2 (GAMS)

GJCPB2=FUNI (CP5)

RETURN

END
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APPENDIX 1X

SUBRPUT INE PPAWER2

The function of Subroutine PPWER2 is to control the iteration
on rotor meanline total temperature drop used to satisfy the over-all
stage power output requirement.

Subroutine PPWER2 is called by the main routine each time stream-
line locations are reestimated at a stage exit design station; it does not
call any other subroutines. Subroutine PPWER2 does not require external
input and does not provide external output. lInternal input and output are
transmitted through blank C@MM@ZN, C@MM@N/CEM1/, CEMMEN/CEM2/, CAMMPN/CEM3/,
COMM@N/C@ML/, CPMMBN/CEMS5/, CPMMBN/CBM7/, and CPMMEN/CPM9/. The internal

input consists of:

DTP EJCP2 ENMI FHP
FLWP HP 1L3@P ISTG
MEAN NLINES NTUBES T8
Teu

(These symbols are defined in the appropriate sections of the C#MM@N For-
tran Nomenclature.) The internal output transmitted through C@MM@N con-
sists of:

DTP
The internal output transmitted as the argument of the calling sequence
1S3

IPCANY

Additional Fortran Nomenclature for Subroutine PPWER2

Fortran
Symbol Symbol Description Units
DTPA jfa Streamtube average total tempera-

ture drop across a rotor; equiva-

lent to mass average total tem-

perature drop when streamline

locations have converged deg R
DT@P ﬂ@’ozm. Meanline total temperature drop

across a rotor employed in the
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Fortran

Symbol

IPCONV

PARAM

POW

TOLPOW

Symbol

Nis

WRISY B

Description

previous pass through the loop
on streamline positions

Indicator:
IPCANV=0 if the achieved stage
power output has not converged
to the desired value
IPCONV=1 if the achieved stage
power output has converged to
the value specified in the input

Specified mass averaged total
temperature drop across the ro-
tor

Specified mass averaged power
output of a rotor

Tolerance used to check whether
the iteration on stage power
output has converged
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deg R

deg R
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50

100

200

SUHROUTINE POWER2(IPCOIV)
POWER2 = DETFRMINE MEAMLINE TOTAL TEMPERATURE DROP ACROSS ROTOR

COMMON IRRICOEF»ICONVyICOOLsIDLETE»IDSeILLOOP s TLOOPLILOSS,
1IMIXeISAVLISONSISPECYISRIZISTGeIPOFSNDSTAToNLINESINSPOOL Y
eNSTGWNTAPE yNTUBES s IWRLS

COMMON /COMYI/ZAY(1T7)BET(17)BETR(L7) 9BREFF(17)9eCRV(LT)
10FLOW(LT) oEFFRULT)SEFFS(17) oEM(17) sEMR(17)9FACL (17) 9GRND(17}
2P(1T7)oPO(LTY o POR(LITIIREAC(ILT) oT(1TYeTO(LIT)aTOR(1ITYOU(LT)
VLT oVM(LITYOVR(LIT) oVT(LT) oVX(LT) o WYE(LT) 9 WYK(L1T)

CUMMON /COM2/CP(17)sCPLoCP2yCPI9yCP&sCPSIEJCPLIIECP2S
1GAMA)L »GAMA2 4 GAMA3 9GAMBl 9GAMC1 s GAMD29GAMD3 s GAMD4 s GAMDS
2GAM] 4GAM2 ,GAMI yGAMG s GAMD 4 GASC 4GGGl yGJCPL ¢GJCPL2,GUCP2y
AGJCP229GJICPI29GJCP429GICPS2

COMMON /COMA/BETRU(L17) 9BETU(17) sRREFFO(17)0POUNR(LIT)
10PRUDR (17) oDTRUDR(17)9P00(17)+sP0O02(L1T7)+PORU(L1T7)POU(LT)
2REACO(17)¢T00(17)TO02(1T) 9 TORU(L17) o TOU(LT) «LWU(LIT)»
AVRUCLT) oVTUCCLIT7) o VUL 7)o WYEO(17) sDTOUDR(1T7) oDVTUNRI(LT)

COMMON /COM4/FLWw(1T7) oFLWPsHPoRPMsRST (17)owFN(1T)

COMMON /COMS/ASTR(17917) 9ASTS(1T7)sBETLT(1IT)sCSTR(17917)y
1CSTS(17)eNTO(1T7)sFHP (8) s FLWCo IPOF (8) s ISTRACHNLT,
2NSTATeNSTRACINXToPOF (1798) ¢POLT(LT7) ¢RANN(1992)eRLT (1T
ARSTRAC(17917) +RSTRAS(17) sRXTS(17)9TOC(16) s TOLT(17) >
GARLS(17) o XMIX (179016} s XSTAT(19)9YOS(17)sIWRL(g) s VUM(B) YVUMS,
SUVMDRS (17)+NVMDS(17)

COMMON /COM7/COTOO0sDFLWT sDFLWTOSEMMAXsEMMINSICNTyUJ?
1JJP o MEAN ¢ RATIO 9 VMM VMMO » VYMMQO

CUMMON /COMG/HREA (16) 9BREAPJENM] yFLWMIOJSHOSELOTE 0TS
10T To0wWeSUS(R) 1SUSPISPJSs»SPPeSPSEsSPTESPTSeSPTT.SPWeSSE(8)
2SSEP+STE (1) ySTEPSW(8) 9 SWP

DATA TOLPOW 70,0001/

IPCONV=Q

POW=FHP (ISTG) *HP

PARAM=PCw/ (FLWP*EJCP2)

IF (ILOUPWNF,1) GO TO S0

DTO(MEAN) =PARAM

RETURN

DTOC=DTO (MEAN)

DO 100 I=1eNLINES

DTO(I)=TOyu(1)=TO(I)

DTOA=Q.S*DTO (1)

DO 200 JU=2+NTUBES

DTOA=DTOALDTO (J)

DTOA-(QTOAoo.S'DTO(NLlNES))/ENMI

DTO(MEAN) «PARAM/DTOA®DTO (MEAN) )

IF (ABS(OTO(MEAN)/DTO00=]1,0) LE,TOLPOW)IPCONvVal

RETURN

END
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APPENDIX X

SUBR@UT INE 11APT

The primary function of Subroutine 11AP1 is to perform para-
bolic interpolation of a tabulated function of one variable. |If para-
bolic interpolation cannot be performed, linear interpolation or ex-
trapolation, or extrapolation of a single value is performed.

Subroutine 11AP1 is called by the main routine and Subroutines
STRVL2 and DERIV2; it does not call any other subroutines. Subroutine
I TAP1 does not require external input and does not provide external out-
put. Internal input and output are transmitted as arguments of the sub-
routine. The internal input consists of:

I MX X XP Y
The internal output consists of:

YP

Fortran Nomenclature for Subroutine 11AP]

The following table gives the Fortran nomenclature for those
symbols used in Subroutine |1APl. Since the subroutine may be used with

any consistent set of units, the units of the symbols are not specified.

The subscript I, where indicated, is a tabular entry index.

Fortran

Symboll Symbol Description Units
A a Coefficient of the second-order

term in the expression for > as
a function of % -

B b Coefficient of the first-order
term in the expression for » as
a function of % -

Dl }x._xF} Distance between a tabular entry
of X and the value of X at which
a value of y’is to be obtained -—

DREF WWﬂ(X'—XF\ Smallest distance between a tabu-
lar entry of X and the value of X
at which a value of 7’is to be
obtained -
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Fortran

Symbol
IE

IMX
IREF
IRM
IRP

NE

X (1)

XP

XP1
X21
X32
Y (1)
YP
Y21

Y32

Symbol

Ky = %q-)
Kpar = X5
Y
%

\//'\ h Y'L—I
y&ﬂ" 7;

Description

Index of the first tabular entry
used to obtain a linear varia-
tion of ¥ as a function of X

Number of tabular entries

index of the tabular entry of
X which gives DREF

Index of the tabular entry pre-
ceding IREF

Index of the tabular entry fol-
lowing IREF

Index of the second tabular
entry used to obtain a linear
variation of )y as a function
of X

Tabular entries of the indepen-
dent variable

The value of the independent
variable at which a value of
the dependent variable is to be
obtained

Difference in two values of the
independent variable

Difference in two values of the
independent variable

Difference in two values of the
independent variable

Tabular entries of the dependent
variable

The value of the dependent vari-
able to be obtained

Difference in two values of the
dependent variable

Difference in two values of the
dependent variable
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OO0

10
20

40

50
60

70

SUBROUTINE JT1APL(XPeYPeXyYyIMX)

I11AP} = PARABOLJC INTERPOLATION OR LINEAR EXTRAPOLATION OF A

FUNCTION OF ONE VARIABLE

DIMENSION X(1T)eY(L1T)

IF {(IMX=2) 10030+20

YP=Y (1)

RETURN

IF (XPeGTeX(1l)) GO TO 40
1E=1

NE=2

GO TO S0

IF (XxPJLT.x(IMX)) GO TO 60
IEsIMX=]

NE=IMX

YP=Y(IE)+ (XP=X{IE) )R (YINE)=Y(IE))/(X(NE)=X(IE))
RETURN

IMI=IVX=]

IKEF =2

DREF=ABS (X (2)=XP)

DO 70 I=241IM1
DI=ABS (X (1) =xP)

IF (DI.GE.DREF) GO TO 70
IREF=1

UREF=01

CONTINUE

IRM=IREF=1

IRP=IREF 41
X21=X({IREF) =X {IRM)
X32=X(IRP)=X (1REF)

Y2leY (IREF)=Y (IRM)
Y32zY(1IRP)=Y (IREF)

A= (X21%Y32ex32%Y21)/7(X21#X32%(X32+X21))
day21/x21l-x21%A
XPleXP=X(IRM)
YPeARXPLRR2,B%XPleY (IRM)
RETURN

END
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APPENDIX X1

SUBRGUT INE SL@PE

The function of Subroutine SL@PPE is to obtain the derivative of
a tabulated function with respect to the independent variable at each
tabular entry of the variable.

Subroutine SL@PE is called by Subroutines STRVL2 and L@OSCPR; it
does not call any other subroutines. Subroutine SL@PE does not require
external input and does not provide external output. Internal input and
output are transmitted as arguments of the subroutine. The internal input
consists of:

X Y I MX
The internal output consists of:

DYDX

Fortran Nomenclature for Subroutine SL@PE

The following table gives the Fortran nomenclature for those
symbols used in Subroutine SLPPE. Since the subroutine may be used with

any consistent set of units, the units of the symbols are not specified.

The subscript |, where indicated, is a tabular entry index.
Fortran
Symbol Symbol Description Units
A a Coefficient of the first-order

term in the expression for ¥

as a function of x -
DYDX (1) (5%! Tabulated values of the deriva-

AR/ tive of y with respect to X --

i ' 1 Index of the tabular entries --
1 MX Number of tabular entries -
1M1 Number of tabular entries minus

one -
X(1) AL Tabular entries of the indepen-

dent variable -
X21 ¥ =~ Ky Difference in two values of the

independent variable -
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Fortran

Symbol
X32

Y (1)
Y21

Y32

Symbol

Kyqr =X
>/‘-.
Yo - Ve

X-H“)';.

Description

Difference in two values of the
independent variable

Tabular entries of the dependent
variable

Difference in two values of the
dependent variable

Difference in two values of the
dependent variable
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SUBROUTINE SLOPE(XeYeDYDXeIMX)

SLOPE = DETERMINATION OF DY/DX AT EACH TABULAR ENTRY OF X

DIMENSION X (17)eY(1T7)eDYDX(1T)
IF (IMX=2) 10020+30
NYDX(1)=0a.0

RETURN

DYDX (L)=(Y(2)=Y (1)) /(A(2)=X{1))
OYDX(2)=DYDX (1)

RETURN

IMl=IMX=]

X2lsx(2)=X(1)

Y2lxy(2)=Y(])

DO 40 I=29IM]

X32sx(I+1)=x(])
Y32esY(I+1)ay(I)

A= (X21%Y32-x32%Y2]1)/(X21%X32%(X2]1+X32))

OYDX (I)=mY21/X2l4X21%4
IF (1.EQ,2) DYDx(1)=mY2l/xX21=x21%*A

IF (1+EQ.IM1) DYDOX(IMX)=®Y21/X21¢(X21+2,0#X32)%A

X2lax32
v2ley32
RETURN
END
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APPENDIX X11

SUBRGUT INE_STRIP

The function of Subroutine STRIP is to obtain the initial esti-
mate of the radial position of each streamline at a design station.

Subroutine STRIP is called by the main routine; it does not call
any other subroutines. The subroutine does not require external input and
does not provide external output. Internal input and output of the sub-
routine are transmitted through blank C@MM@N, C@MM@N/C@ML/, and CEMM@N/
CAM5/. The internal input consists of:

iDS I STRAC NLINES NTUBES RANN
WFN

The internal output consists of:
RST

(These symbols are described in the appropriate sections of the C@MM@N

Fortran Nomenclature.)

Additional Fortran Nomenclature for Subroutine STRIP

The following table gives the Fortran nomenclature for those

symbols used in Subroutine STRIP which are not part of C@MM@N.

Fortran

Symbol Symbol Description Units
I STAT Station index -

J J Streamline index -
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50

100
200

SUBROUTINE STRIP
STRIP = DETERMINATION OF INITIAL STREAMLINE POSTITIONS

COMMON IRReICOEF»ICONVyICOOLyIDLETESIDS+ILLOOP,yILOOP,ILOSS,
1IMIXoISAVeISONs ISPECYISRIISTGeIPOFS NDSTATeNLINESINSPOOL Y
2NSTGyNTAPE ¢yNTUBES ¢ IWNRLS

COMMON /COM4/FLW(1T) oFLWPoHPsRPMsRST(17) 9WFN(17)

COMMON /COMS/ASTR(1717)9ASTS(17)sBETLT(17)9sCSTR(1T7917)
1CSTS(17)+0TO(L1T7) sFHP(8) yFLWCIPOF (8) s ISTRACHNLT,
2NSTATeNSTRACONXTsPOF (1798) sPOLT(17) sRANN(19+2) sRLT(1T7)
IRSTRAC(17¢17) sRSTRASI(LT) sRXTS{17)9TOC(16) s TOLT(17)
4wRLS(17) e XMIX(1T7916) 9 XSTAT(19)sYOS(17)sIWRL(8)sVUM(B) s VUMS,
SOVMDRS(17) +DVMDS(1T)

1F (ISTRAC.EQel) GO TO 50

ISTAT=IDS+1

RST(1)=RANN(ISTAT,1)

RST (NLINES)=RANN(ISTAT92)

60 70 100

RST(1)=RANN(IDS,1)

RST(MLINES) =RANN{IDS»2)

DO 200 Js2¢NTUBES

RST(J)mSQRT(RST(L)##2+WFN(J)* (RST(NLINES) ##2.RST (1) **2))

RETURN

END
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APPENDIX X111

SUBRPUT INE STRVL2

The function of Subroutine STRVL2 is to obtain streamline val-
ues of the items which are required for the solution of the radial equilib-
rium equation at a design station.

Subroutine STRVL2 is called by the main routine; it, in turn,
calls Subroutines 11AP] and SL@PE. Subroutine STRVL2 does not require ex-
ternal input and does not provide external output. Internal input and
output of the subroutine are transmitted through blank C@MMEN, C@MMEN/
CAM1/, COMMBN/CPM2/, CBMMEN/CEM3/, COMMBN/CEML/, COBMMEN/CEBM5/, CPMMBN/
C@AMB/, and COMMEN/CBMI1/. The internal input consists of:

ASTS BETLT CSTS DVMDS
IPGFS ISPEC ISR IWRLS
NLINES NLT NSTRAC NXT
POLT PBRU PgU RLT
RPM RST RSTRAS RXTS
TOLT TORU THU VTU
WRLS Y@S

(These symbols are defined in the appropriate sections of the COMM@N For-

tran Nomenclature.) The internal output consists of:

AY BET CRV DADR
DBDR DP@DR DP@UDR DPRUDR
DT@DR DTPUDR DTRUDR DVMDRS
DVTUDR FACL Pg T0

U

Additional Fortran Nomenclature for Subroutine STRVL2

Fortran
Symbol Symbol Description Units
AYP A*j Streamline value of the stream-
tine angle of inclination rad
BETP /gﬁi Streamline value of the flow
angle rad
CRVP (L/Thbu Streamline value of the stream-
line curvature per ft
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rortran

Symbol

DVMDRP

PP

RP

T@P

WRLP

Y@SP

Symbol
),
(P
)

(75)3

Description

Streamline value of meridio-~
nal velocity gradient

Streamline value of the total
pressure

Radial position of a stream-
line

Streamline value of the total
temperature

Streamline value of the flow
angle at a stator exit

Streamline value of total-
pressure-loss coefficient or
additional loss factor
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SUBROUTINE STRVLZ

STRVL2 = CALCULATION OF STREAMLINE VALUES OF INPUT ITEMS TO THE

RADIAL EQUILIBRIUM EQUATION

COMMON IBRyICOEFeICONVsICOOL e IDLETE s JDSoILLOOPYILOOP,ILOSS,
1IMIXeISAVeISON9ISPECIISRIZISTGy IPOFSyNDSTATsNLINESsNSPOOL ¢
2NSTGoNTAPEJNTUBES,, IWRLS

COMMON /COM1/AY (17)9BET(17)9BETR(17)¢BREFF(17)9CRV(LT)
ILFLOWLLT) oEFFRIY7) sEFFS(17) sEM(IT)I9EMR(1IT)I«FACL(17)9GRND(17) o
2P(17)sPO(LT)9sPOR(L1T) PREAC(LIT)9T(1IT7)oTO(LT)oTOR(IT)U(L1T)
AVILT)YeVMILTYoVR(L1T) oVT(L17) oVX(LT) oWYE(LT) oWYK(17)

COMMON /COM2/CP(1T7)2CPL1yCP24CP32CPR&WCPSIEJCPIIEICP2y
1GAMA] 9GAMA2 ,GAMAI ,GAMB1 s GAMC] 9 GAMD2 9 GAMD3 3 GAMD 4 ,GAMDS ¢
2GAM] «GAMZ2 ¢GAM3 9sGAM4S ¢GAMS yGASC9GGG] 9GJICPL9GJICPL2+GICP2y
AGJCP2296GJUCPI2+GICP42+46JUCPS2

COMMON /CCM3/BETRU(L17) vBETU(17) yBREFFO(17)+DPOUDR(LT)
10PRUDR{17) oDTRUDR(17)sPOO(17)9PO02(1T7) 9sPORULIT) POU(LT)
2REACO(17)+TOO(L1T7)9TO02(1T)sTORULLIT) s TOULLT)oUU(LIT)
AVRU(1T) oVTU(IT) o VU(L1T) sWYEO(1T) oDTOUDR(17)sDVTUDR(1T)

COMMON /COM&G/FLW()7) eFLWP4HP¢RPMeRST(17) s WFN (1T}

COMMON /COMS/ZASTR(17917) 0ASTS(17)YeBETLT(17)9CSTR(1T917)
1CSTS(17)+DTOL17) 9FRP(8) yFLWCsIPOF (B) g ISTRACHNLT.
2NSTATINSTRACINXTsPOF(L1T79R) sPOLT(17) sRANN(1992) sRLTI(1T7)
3RSTHRAC(17917) sRSTRAS(LT) sRXTS(LT) o TOC(16) o TOLT(1T)»

GHRLS (17) o XMIX(17916) 9 XSTAT(19) 9 YOS(17) s IWRL (B) sVUM(B)VUMS,
SOVMDRS (17) +DVMOS(17)

COMMON /COMA/DANR(17)9DUDR(17) oDPODR(17) sDTODR(1IT)
1DVTUR(L7) sOWYDH(L1T)

COMMON /COM11/ AYP9COSA»COSByCOSQByDHDRPyDBRUDR (17) oDBUDR(17) s
10FLDR{17) +DVRUDR(YT) 9DVUDRI(L1T) 01Je TANBoVMPeVSQeVTP

DO S00 J=1eNLINES

RP=RST (J)

CALL T1AP1(RP9AYPRSTRASHASTSINSTRAC)

AY (J)=AYP

CALL I1AP1(RPsCRVPsRSTRAS,CSTSINSTRAC)

CRV (J)=CRVP

IF (ISRI.NE,3) GO To S0

CALL 11APL(RPoTOPRLTOTOLTINLT)

TO(J)=TOP

CALL I1AP1(RPePOPSRLT9POLTHNLT)

PO (J)=PCP

CALL I1aPl(RPyBETPyRLTIBETLTHNLT)

BET (J)=BETP

GO TO So00

U(J)=RPV#RP

IF (ISRI,NE,.1) GO TO 150

TO(J)=TCU(J)

IF (IWRLS.EQ.0) GO TO 100

CALL I1AP) (RP yWRLPJRXTSyWRLSNXT)

BET (J) =wRLP

GO To 200

CALL I1AP1 (RPyDVMDRP¢RXTSDVMDSyNXT)

OVMDRS (J)sDVMDRP

80 70 200

IF (IPOFS,EG.0) GO TO 200

CALL I1AP1(RPyDVMORPIRXTSsDVMDSNXT)
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200

500

550

600

800

OVMLRS (J) =NDVMDRP

IF (ISPEC.ER.l) GO TO 500

CALL I1AP1(RPyYOSP¢RXTSsYOSeNXT)
FACL (J)=YOSP

CONTINUE

IF (ISRI.EQ,2) GO TO 600

CALL SLOPE(RST+TO,DTODReNLINES)
IF (ISRI.EQ,3) GO To 550

CALL SLOPE (RSTsPOUsDPOUDRyNLINES)

IF (IWRLS.EQe0+ANDsISRI<EQ.,1) GO TO 800

CALL SLOPE(RST+BET+DBDRNL.INES)
CALL SLOPE(RSTsAY4DADRyNLINES)

IF (ISR1.EQ.1) GO To 800

CALL SLCPE{RST+POysDPODReNLINES)

GO 10 800

CALL SLOPE(RST+PORUyDPRUDRyNLINES)
CALL SLOPE(RST»TORU+OTRUDRsNLINES)
CALL SLOPE (RST»TOUsDTOUDRyNLINES)
CALL SLOPE(RST+VTUsDVTUDRyNLINES)
RETURN

END
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APPENDIX X1V

SUBRAUT INE VMNTL2

The function of Subroutine VMNTL2 is to obtain an initial esti-
mate of the meridional velocity at the mean streamline of a design station.
Subroutine VMNTL2 is called by the main routine on the first
pass through the iterative loop on streamline position; the subroutine
does not call any other subroutines. Subroutine VMNTL2 does not require
external input and does not provide external output. The internal input
and output of the subroutine are transmitted through blank C@MM@N, C@MMEN/
CgM1/, CAMMEN/CEM2/, CPMMBN/CEM5/, and COMMON/CBM7/. The internal input

consists of:

AY BET CATHO EMMAX EMMIN

GAMC1 GGG IS@N ISRI IWRLS

MEAN T4 U VT VUMS
The internal output consists of:

VMM

(These symbols are described in the appropriate sections of the C@MM@N

Fortran Nomenclature.)

Additional FortranrNgmenpla;ufghfpiﬁgggigggjﬂguMMMtkg

The following table gives the Fortran nomenclature for those

symbols used in Subroutine VMNTL2 which are not part of C@MM@N.

Fortran

Symbol Symbol Description Units

EKAY M| 90 RY¥s Parameter related to specific 1
I+6;J)M1 heat ratio and Mach number fps per deg R?

EMI M 2 Assumed value of Mach number

when flow angle is specified at
y @ design station --
R A fFr-) 1) + .
PARAM 333*kLm —= N, Parameter related to specific
heat ratio, and total tempera-
ture and tangential velocity at

the mean streamline fps
VMMAX ”“V%{(VMQV} Maximum aliowable estimate of

the meridional velocity at the

mean streamline fps
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Fortran

Symbol Symbol Description Units
VMMIN wﬁ~\{ﬂyyﬂb } Minimum allowable estimate of
o] « e .
the meridional velocity at the
mean streamtline fps
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SUBROUTINE VMNTL2

VMNTL2 = OBTAIN AN INITIAL ESTIMATE OF THE MERIDIONAL VELOCITY AT

THE MEAN STREAMLINE

COMMON IBRyICOEFeICONVoICOOL 9 IDLETE»IDS»ILLOOP»ILOOP,ILOSS,
1IMIX9ISAV,ISONsISPECYyISRIZISTGsIPOFSeNDSTATsNLINESsNSPOOL s
2NSTGoNTAPE «NTUBESIWRLS

COMMON /COM1/AY(1T7)9BET(17)+BETR(1TI9BREFF(17)9CRV(17)y
10FLOW (LT vEFFR(1T)IEFFS(1T)9sEM(LIT)GEMR(L1T)sFACL(1T)9GRND(17)
2P (1T)ePO(1T)9POR(1ITIPREAC(IIT)I o T(1T7)eTO(L7)9TOR(LT7)2U(LT)
AVILT7)oVMILT)sVRILT)sVTULLIT) oVX LTI IWYEL(LT) o WYK(L1T)

- COMMON /COM2/CP (17)+CPloCP29CPI9CP&4yCPS5,EUCP19EUCP2Y

]bAMAl,GAMAZQGﬂMﬂapGAMBI'GAMCIQGAMDZ'GAMD3.G§MDQ.GAMDS!
2GAM] 4GAM29GAMIIGAMS ¢GAMS 3 GASC9GGGL 9GJCPL9GJCPL24GJCP20
3GJCP2Z2+GJCPI29yGJCP429GJICPS2

COMMON /COMS/ZASTR(17917) sASTS(17)9BETLT(1ITICSTRI1T1T),
1CSTS(17)9DTO(17) 9FHP(B) sFLWCyIPOF (8) 9 ISTRACINLT,
2NSTATINSTRACYNXTsPOF (1798) 9POLT(17) sRANN(1992) 9RLT(17)
IRSTRAC(17917)9RSTRAS(17) ¢RXTS(17)9TOC(16) o TOLT(1T)
4WRLS(L7) o XMIX{1T7016) 9 XSTAT(19)9YOS(17)9IWRL(B)eVUM(B)PVUMS,
SDVMORS (17) »DVMDS (17)

COMMON /COM7/COTO02OFLWTsDFLWTO9EMMAX I EMMING JICNT o UJe
1JJPyMEANyRATIO» VMM VMMO» VMMOO

IF (ISRI=2) 50093504200

50 IF (IWRLS=1) 30091509100
100 IF (ISON.EQ.0) GO TO 150

EMI=],2
GO 7O 250

150 EMI=0,.8

GO TO 250

200 EMI=0,.4
250 EKAY=SORT(GGGL/(1.,04GANCI#EMI##2) ) #EM]

VMM=EKAY#SQRT (TO(MEAN) /(1,04 (COS(AY (MEAN) ) #TAN(BET (MEAN) ) ) ##2))
RETURN

300 VMM=COTe0*VUMS/COS(AY (MEAN))

vT (MEAN) =yUMS
GO TO 400

350 VMM==COTE0® (VT IMEAN) =U(MEAN) ) /COS (AY (MEaN))
400 PARAM=zSGRT (GGG14TO (MEAN) «GAMC1#VT (MEAN) ##2)

VMMAXSPARAM®EMMAX/SQRT (14 0+GAMCL#EMMAK®#2)
VMMINSPARAM®EMMIN/SGRT (1 ,0+GAMCL#EMMIN®#2)
IF (VMM GT,vMMAX) VMMaVMMAX

IF (VMMoLToVMMIN) VMMBVMMIN

RETURN

END
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APPENDIX XV

SUBRAUT INE RADEQ2

The primary function of Subroutine RADEQ2 is to control the
logic of the calculation of the meridional velocity distribution. In
addition, the subroutine obtains streamline values of the mass flow func~
tion corresponding to the meridional velocity distribution.

Subroutine RADEQ2 is called by the main routine; it, in turn,
calls Subroutines START, RUNGA2, and DERIV2. Further, Subroutine RADEQ2
specifies that Subroutine DERIV2 be called by Subroutine RUNGA2. Subrou-
tine RADEQ2 does not require external input and does not provide external
output. The subroutine has access to blank COMM@N, COMMEN/C@M1/, CEMMEN/
CoMt/, COMMBN/CPME/, and CPMMEN/CPM7/. The internal input transmitted
through CGMM@N consists of:

MEAN NLINES Pl RST VMM
The internal output transmitted through COMM@N consists of:
DFLAW DFLWT

(These symbols, as well as others used in Subroutine RADEQ2, are described
in the appropriate sections of the COMMON Fortran Nomenclature.) One item
of the internal output is transmitted as an argument of the subroutine;
namely,

LSGN

Aﬂgipipnal Fortran Ngmenclature for Subroutine RADEQ2

The following table gives the Fortran Nomenclature for those

symbols used in Subroutine RADEQ2 which are not part of C@MM@N.

Fortran
Symbol Symbol Description Uni ts
DELR (ﬁyq-f)vttr-fr_ Radial distance between adjacent
J ¢ 4 'JD streamlines ft
| A Index on the four principal un-
knowns —_—
1UPDN Indicator:

IUPDN=1 if the calculation pro-
ceeds from the mean streamline
to the hub
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Fortran

Symbol Symbol Description Units

IUPDN=2 if the calculation pro-
ceeds from the mean streamline

to the casing -
J J Streamline index -
JM J—A Index of the streamline preced-
ing that indicated by J -
LSGN Indicator:

LSGN=0 if the calculation of

the meridional velocity distri-
bution corresponding to a par-
ticular value at the mean
streamline is proceeding nor-
mally

LSGN=1 if the calculation of

the meridional velocity distri-
bution corresponding to a par-
ticular value at the mean stream-
line has been abandoned --

QUE (1) ?4 A measure of the round-off error
in the Runge-Kutta determination
of the principal unknowns --

RP VTJ A streamline value of radial
position ft
Y(1) a’; Array of values of the four

principal unknowns (see discus-

sion of the Runge-Kutta method

in the section on numerical

techniques) --
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50

75

loo

150

300

400

SUBROUTINE RADEQ2 (LSGN)

RADEQ2 = OBTAIN THE SOLUTION OF THE RADIAL EQUILIRRIUM
EQUATION BASED ON AN ESTIMATED VALUE OF VM(MEAN)

COMMON IBRyICOEF+ICONVeICOOLIDLETEyIDS»ILLOOP1LOOP,ILOSS,
1IMIXsTSAVIISONYISPECYISRIyISTGIPOFSINOSTATNLINESsNSPOOL s

2NSTGsNTAPEWNTUBES s IWRLS
COMMON /COMI/AY (1T7)9sBET(17)+BETR(1T)sBREFF(L17)sCRVI1T)

10FLOW (17)9EFFR(17) sEFFS(1T7) sEM(L1T) 9EMR(1T7)oFACL (1T)9GRND(17)

2P(17)9PO(17)9POR(1T) sREAC(LIT) s T(2T72eTO(LT7)eTORIITIOV(1IT) s
IVILITYeVM(LT7YoVRILT) oVT(17) o VX (LT) o WYE(LT}eWYK(1T)
COMMON /COM4/FLW(1T7) oFLWPyHP oRPMeRST (17) s WFN(1T7)
COMMQN /COME/CNV]IsCNV2eCNVIsCNVYVSeEJAYsGO9P I TOLWY

COMMON /COMT/COT60sDFLWT s DFLWTO9EMMAXSEMMINY ICNT o JJ?
1JJP sMEANyRATIO s VMM o VMMO ¢ VMMOO
DIMENSION Y (4) 2QUE (&) oDUMMY (&)
EXTERMAL DERIV2

IUPDN=0

1UPON=IUPDNe1]

RP=RST (MEAN)

Y(1)=sVMM

DO 7S [=19+4

QUE(1)=0,0

CALL START(Y)

DO 300 J=2.MEAN

IF (ILPUN.EQ.2) GO TO 100
JJ=MEAN=jo2

JJdP=JJ=1]

GO 710 150

JJU=MEANS+ J=?

Jdr=ygJde+l

DELR=RST (JJUP)=RST (JJ)

CALL RUNGA2 (RPeDELRsYsQUEDERIV24+LSGN)
IF (LSGN4EQ,1) RETURN

CONTINUE

JJ=JJP

CALL DCERIV2 (RPsYyDUMMY 359 SGN)
IF (LSGN.EG.1) RETURN

IF (IUPDNJ.EQ.1l) GO TO 50
DFLOW(1)=0,0

DO 400 J=2.NLINES

JMa =]

OFLOW{J) ®sDFLOW(JM) +PI® (GRND(JM) ¢GRND (J) } #(RST(J)=RST(UM))
DFLWwT=0FLOWw (NLINES)

RETURN

END
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APPENDIX XVI

SUBRPUT INE RUNGA2

The function of Subroutine RUNGA2 is to obtain the solution of
a system of four first-order ordinary differential equations by the Gill
variation of the Runge-Kutta method.

Subroutine RUNGA2 is called by Subroutine RADEQ2; it, in turn,
calls Subroutine DERIV2 which has been specified as an argument in the
CALL statement for Subroutine RUNGA2. The subroutine does not require
external input and does not provide external output. Internal input and
output are transmitted as arguments of the subroutine. The internal in-

put consists of:

DELX FUNCTN Q X Y
The internal output consists of:
LSGN Q X Y

Fortran Nomenclature for Subroutine RUNGA2

The following table gives the Fortran nomenclature for those
symbols used in Subroutine RUNGA2. Since the subroutine may be used with
any consistent set of units, the units of the symbols are not specified.
The subscript K , where it appears, is the index of the step in the

Runge-Kutta solution.

Fortran
Symbol Symbol Description Units
A (K) ay A set of constants used to de-

termine SL@PE -
B(K) by A set of constants used to de-

termine SL@PE -~
C (k) Ck A set of constants used to de-

termine Q --
D (K) dk A set of constants used to de-

termine X --
DELX h Increment in the independent

variable across which the dif-
ferential equation is to be
solved -
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Fortran

Symbol
FUNCTN

LSGN

Q(1yY)

SLOPE (1Y)

Y(1Y)

YPRIME (1Y)

Symbol

S
f

Description

An argument in the CALL state-
ment for RUNGA2; it operates as
a dummy name for Subroutine
DERIV2

Index of the stage of the solu-
tion for Subroutine FUNCTN

Index of the four principal un-
knowns

Index of the stage of the solu-
tion

Indicator:
LSGN=0 if no difficulties
have been encountered in the
solution of the differential
equations
LSGN=1 if a solution to the
differential equations can-
not be found

Quantity used to calculate
SL@PPE at each stage of the so-
lution; the value of Q in the
final stage of the solution is
a measure of the round-off er-
ror in Y

Modified values of JJ‘/H* for
each of the principal unknowns
at each stage of the solution

Value of the independent vari-
able at each stage of the so-
Tution

Values of the dependent vari-
ables at each stage of the
solution

Values of de'Jﬂ at each
stage of the solution
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SUBROLTINE RUNGAZ(XeDELXsY9eQsFUNCTNILSGN) RUN%*0000

RUN®(QO01
RUNGAZ = SOLUTION OF A SYSTEM OF ORDINARY LINEAR DIFFERENTIAL RUN%*0002

EQUATIONS HY THE GILL VARIATION OF THE RUNGA=KUTTA METHODRIIN®#0003

RUN®0004

DIMENSION A(4)9B(4)9C(a)eD(4)sY(4)9Q(4) s YPRIME (4) +SLOPE (4) RUN*0005

DATA. (ACI) 9I%194)/0.590292893291,7071068,0416666677,(B(I)sInles) RUN®D006

172¢091¢091000200/9{CiI)9I=194)/0.590,2928932,1,707106B890.5/9 RUN*0Q0T
2(D(I)9I=196)/0e0904590009065/ RUN®*0008
D0 100 K=l44 RUN%0009

X=X+D (K) #DE|_X RUN®*0010

IK=K RUN%*0011

CALL FUNCTN(XyYosYPRIMEy IKyL.SGN) RUN%0012

IF (LSGN,ER,1) RETURN RUN®0013

DO 100 IYsl,s RUN%0014

SLOPE(IY)=A(K)# (YPRIME (1Y) =B(K)®#Q(IY)) RUN®001S

Y(IY)=Y(IY)+DELX®SLOPE(IY) RUN®*0016

QIIYL=Q(IY)+3,0%SLOPE(IY)=C(K)®YPRIME(IY) RUN%*0017

RETURN RUN®0018

END RUN®0019
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APPENDIX XVi 1

SUBRGUTINE DERIV2

The primary function of Subroutine DERIV2 is to obtain the de-
rivatives with respect to radius of the principal unknowns (V, , C%Jﬁ‘,
Vau ,QSTL ) at a specified radial position where their values are known.
In addition, Subroutine DERIV2 stores the integrated streamline values
of the principal unknowns as they become available.

Subroutine DERIV2 is called by Subroutine RUNGA2 to perform its
primary and secondary functions; it is also called by Subroutine RADEQ2
to perform its secondary function for the hub and casing streamlines.
Subroutine DERIV2 calls Subroutines I1AP1 and SIMEQ. The subroutine does
not require external input and does not provide external output. The
subroutine has access to.blank C@MM@N, C@MMON/CEMI/, COMMON/C@M2/, COMMBN/
C@M3/, CPMMBN/CEML/, COAMMBN/CEM5/, CBMMBN/C@M7/, CPMMBN/CBM8/, and CEMMEN/
C@M11/. The internal input transmitted through C@MM@N consists of:

Ay BET CRv DADR
DBDR DP@DR DPAUDR DPRUDR
DT@DR DTPUDR DTRUDR DVMDRS
DVTUDR DWYDR GAMA1 GAMA?2
GAMB 1 GASC GJCP12 GJCP2
GJCP22 | PBFS ISR IWRLS
JJ JJP MEAN NL INES
PBRU Pgu RPM RST
TERU U uu VTU
WYE

(These symbolis are defined in the appropriate sections of the C@MMBN For-
tran Nomenclature.) The internal input transmitted as arguments of the

subroutine consists of:

1K RP Y
The internal output transmitted through C@MMBN consists of:
GRND PP T0 VM vT

Finally, internal output transmitted as arguments of the subroutine
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consists of:

LSGN YPRIME

Additional Fortran Nomenclature for Subroutine DERIV2

The following table gives the Fortran nomenclature for those sym-

bols used in Subroutine DERIV2 which are not part of C@MM@N.

l and J are row and column indices, respectively,

Fortran

Symbol Sxmbo]
BETP /Qi
CEF(1,J) C-(\)'

CRVP (L4%a)s

DADRP d A+
a+
DDR (1)
DP@DRP d for
av
DPBUDP d e
dr
DPRUDP c}__@ll-.
dv

DescriEtion

A value of the absolute flow
angle

Coefficient matrix augmented
by a constant vector (i.e.,
the right-hand sides) repre-
senting the set of four equa-
tions used to satisfy radial
equilibrium

A value of streamline curva-
ture

A value of the derivative of
the streamline angle of in-
clination with respect to
radius

Solution vector for the set
of four equations used to
satisfy radial equilibrium

A value of the derivative of
the absolute total pressure
with respect to radius

A value of the derivative of
the modified upstream abso-
lute total pressure with re-
spect to radius

A value of the derivative of
the modified upstream relative
total pressure with respect to
radius

Subscripts

Units

rad

rad per ft

1bf per ft

Ibf per ft

1bf per ft

" Gince the units of the elements of the matrix differ from one another,

no units are shown.
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Fortran
Sxmbo] Sxmbol
DTPDRP A Ter
r
*
DTBUDP A To 1
ar
%
DTRUDP d g1
d+
DVMDRP d Ve
a¥
DVTUDP dVup -t
dv
DWYDRP d Yz
ar
FUNT
FUN2
FUN3
FUNL
FUNS
GJCPTI 29,3 G Tos

GJCPT2 29,3 o 3

IK

LSGN

DescriEtion

A value of the derivative of
the absolute total temperature
with respect to radius

A value of the derivative of
the modified upstream abso-
lute total temperature with
respect to radius

A value of the derivative of
the modified upstream relative
total temperature with respect
to radius

A value of the derivative of
the meridional velocity with
respect to radius

A value of the derivative of
the upstream tangential ve-
locity with respect to ra-
dius

A value of the derivative of
the pressure-loss coefficient
with respect to radius

A grouping of! terms in the
second equation of the set

used to satisfy radial
equilibrium

Similar to FUNI
Similar to FUNI
Similar to FUNI
Similar to FUNI

Parameter related to the ab-
solute total temperature at
a design station

Parameter related to the
modified upstream relative
total temperature

Index of the stage of the
Runge~Kutta solution

Indicator:
LSGN=0 if the calculation of
the meridional velocity dis-
tribution corresponding to a
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deg R per ft

deg R per ft

deg R per ft
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Fortran

Sxmbol

P@P

PBRUP

PBUP

PRAT
PRRAT

RP
SINA

ToP

TBRUP

TRAT
TRRAT

TRRRAT

UpP
uup

VMPSQ

VTPSQ

VTUP

Sxmbol

T/ Tod
Tov /Ten

TB{//ﬁ;iq

W

[ SR

Description

particular value at the mean
streamline is proceeding nor-
mally

LSGN=1 if the calculation of
the meridional velocity dis-
tribution corresponding to a
particular value at the mean
streamline cannot be continued

A value of the absolute total
pressure

A value of the modified upstream
relative total pressure

A value of the modified upstream
absolute total pressure

Static-to-total pressure ratio

Relative-to-absolute total pres-
sure ratio

A value of the radial position

Sine of streamline angle of in-
clination

A value of the absolute total
temperature

A value of the modified upstream
relative total temperature

Static-to-total temperature ratio

Relative~-to-absolute total tem-~
perature ratio

Design station-to-upstream rela-
tive total temperature ratio

A value of the blade velocity

A value of the upstream blade
velocity

A value of the square of the
meridional velocity

A value of the square of the
tangential velocity

A value of the upstream tan-
gential velocity
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Fortran

Symboi Symboll
WYEP Y,

Y (1) S
YPRIME (1) dﬂj

A

Description

A value of the total=-pressure-
loss coefficient

Array of values of the four
principal unknowns

Array of values of the deriva-
tives of the four principal un-
knowns with respect to radius

ate
I

Units

" Since the units of the elements of the array differ from one another,

no units are shown.
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(e NeXel

100

110
120

130

140

SUBROUTINE DERIV2(RPsYsYPRIME ¢ IKyLSGN)
DERIV2 = DETERMINE COEFFICIENTS OF THE FOUR MAJOR EQUATIONS

COMMON IBRsICOEF 9 ICONVsICOOL s IDLETEIDS+ILLOOP»TLOOPyILOSS,
1IMIX,ISAY,ISONy1SPECsISRIZISTGyIPOFS,NDSTATyNLINESNSPOOL »
2NSTGeNTAPESNTURES s IWRLS

COMMON /COMI/ZAY(17)oBET(17)+BETRI(1T7)sHBREFF(17)9CRV(LIT)
1DFLOW(LT) 9EFFR{1T)YsEFFS(17)sEM(L1T)9EMR(1T)sFACL(17)2GRND(17)
2P(1T)YoPO(LT)YePOR(LIT) sREAC(ITIoT(IT)oTOKLITI»TOR(ITYIU(LIT)
AVILITYoVMILT)Y o VR(LT) o VT(LITY e VX{LT) o WYE(LT) o WYK(L17)

CUOMMON /COM2/CP (17) +CPLloCP24yCP39CP43CPS,EJCP1yEUCP2Y
1GAMAL yGAMAZ sGAMA3 4 GAMB1 ¢ GAMC1 sGAMU2+GAMD3 3 GAMDA 4 GAMDS Y
2GAM] 4 GAM2 3GAMI 9GAMSG s GAMS yGASCeGGGl 9GJCPL ¢GJICPL2,GJUCP2
3GJCP229GJCP324GJCP42,46JUCPS2

CUOMMON /COM3/HBETRU(17)sHETU(17)sBREFFO(17) +DPOUDR(1T7)
10PRUDR(17)+DTRUDR(17)oPOO(17)ePO02(17)sPORU(LT)POUCLT)
2REACO(17)+TOO(17)oTOO2(1T) s TORU(IT)»TOU(LT)YUU(1T)
AVRU(ITYoVTU(LT7) s VU(LIT) 2 WYEQ(L17)sDTOUDR(17)s0OVTUNR(1T7)

CUMMON /COM4/FLWI(1T7) sFLWPsHPoRPMsRST(17) s WFN(17)

CUMMON /COMS/ASTR(17917)sASTS(17) ¢BETLT(17)sCSTR(17917),
1CSTSHLIT)sDTO(LT) 9FHP (B) s FLWCoIPOF (B) 9» ISTRACINLT,
2NSTAToNSTRACINXTaPOF (1798) sPOLT(17) 9RANN(1IO992) sRLT(17)
JRSTRAC(17+17)sRSTRAS(17) yRXTS(17)sTOC(16) 4 TOLT(17)
GWRLS(1T) o XMIX(17916) s XSTAT(19)9oYOS(17) o IWRL(B) s VUM(B) 9VUMS,
SUVMDRS(17)»nVMDS(17)

COMMON /COMT/COTE0sDFLWT 9DFLWTOEMMAXIEMMINY ICNTsJJy
1JJP o MEAN ¢yRATIO 9 VMM ¢ VMMO » VMMOO

CUMMON /COMA/DADR(17) sDBDR(17)+DPODR(17)+DTODR(17)
10VTDR{17) +DWYDR(1T7)

CUMMON /COM11/ AYPsCOSACOSB+COSQBDBDRPyDBRUDR(17) sDBUDR(17)
10FLDR(17) sDVRUDR(17)+DVUDR(17) 9IJsTANBsVMPIVSQIVTP

DIMENSION COF (4¢5) 9DDR (4)

DIMENSION Y (4) s YPRIME (4)

CALCULATE COEFFICIENTS OF RADIAL EQUILIBRIUM EQUATION

VMP=Y (1)

PUPZEXP (Y (2))

VIP=zY(3)

TOP=EXP (Y (4))

GO TO (10051304140+1104650) 41K
IF (JJ.NE.MEAN) GO TO 140

1J=dyJ

GO To 120

IJ=JJp

AYP=AY(IJ)

CRVP=CRV (1J)

GO TO 140

CALL I1AP1(RPsAYPsRST9sAYsNLINES)
CALL [1AP] (RPsCRVPsRSTsCRVINLINES)
GJCPT1=GJCP12#TQP

COSA=COS (AYP)

VMPSQzVMP##s

VIPSQzVTP##2

VSQ=VMPSQ+VTPSQ

COF(191)32,0%VMP
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DER#N000
DER®0001
DER#*0002
DER*0003
DER*0004
DER%0005
DER*0006
DER*0007
DER®#0008
DER*0009
DER*0010
DER#0011
DER®#Q012
DER%*0013
DER%*0014
DER®0015
DER*0016
DER#0017
DER*®*0018
DER*®*0019
DER®0020
DER%*(02!
DER®*0022
DER®#0023
DER*0024
DER*0025
DER*0026
DER*0027
DER®0028
DER#0029
NDER*0030
DER%#0031
DER%*#0032
DER®0033
DER®*0034

- DER#0035

DER®*0036
DER#0037
DER*0038
DER*Q039
NER*0040
DER#0041
DER%#0042
DER%0043
DER#0044
DER*0045
DER®#0046
DER®#0047
NDER*0048
DER*0049
DER*0050
DER*®*0051
DER#0052
DER*0053
DER®0054
DER*0055
DER®*N056
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[« NeXy]

160
170

180
190

200

210
220

230

240

250

260
270

280

COF (142)=(VSQ~GJUCPT1)/GAMAL
COF(143)=2,0%VTP

COF (ls4)=avsSQ

COF (145)=2,n*VMPSQ*COSA*CRVP=2,0*VTPSQ/RP

CALCULATE COEFFICIENTS OF THE PRESSURE LOSS EQUATION

IF (ISRI«NE.3) GO To 200

GO TO (160+18091900170) 91K

IF (JJ«NEJMFANY GO TO 190
DPODORP=0PODR(1IJ)

G0 10 190

CALL I1AP1(RPsOPODRPeRST «DPODRINLINES)
COF (241)=0.0

COF (242)=1a0

CUF(2+3)=0,0

COF (294)=0.0

COF (245)=DPNDRP/PQP

IF (ISRI.NE,1) GO TOQ 250

GC TO (219423092409220) 91K

IF (JJ<NEJMFAN) GO TO 240

wYEP=WYE (1J)

DAYDRP=DWYDR(1J)

POUP=POL (T U)

DPOUNDP=UPOUNR(IY)

GO TO 240

CALL I1API(RPesWYEPIRSTewYFsNLINES)
CALL IlAP)1(RPSOWYDRP&RSTHDW L URINLINES)
CaLL I1aP1(RP+POUPYRST«POUINLINES)
CALL I1AP)L(RPaDPOUDPsRSTDPOUDRWNLINES)
TRAT=140=VS0/GJCPT1

PRAT=TRAT#8GAMA]

FUNZ=GAMAL# 4, YEP#POP*TRAT##GAMBLl / (GJUJCPT1*POyP)
COF (291)z=2. 0" VMPH#FUN2

COF (242)=14n

COF (293)=2 .02y TP*FUNZ

CUF (294) =2aVSRRFUN2

COF (249)=DPOUNP/POUP=POP# (1 ,0=PRAT)®DWYDRP/PQUP
IF (ISRI.NE,2) GO TQ 300

GO TO (260+28042900270) 01K

IF (JJeMEMEAN) GO TO 290

WYEP=wYE (IJ)

NWYDRP=DWYNR(LJ)

PORUP=PCRU(TJ)

DPHRYDP=UPRYDR (1J)

uP=u(IJ)

UuP=UU(IY)

TORUP=TORU(TIUJ)

DTRUDP=DTRUDR (1Y)

GU TO 290

CALL I1AP]1(RPywYEPsRSTIWYEWNLINES)
CALL I1APY1(RPsDWYDRPsIRSTyDWYDRyNLINES)
CALL J1aPl(RPsPORUP¢RST+PORUNLINES)
CALL T1AP1(RPyDPRUDPIRSTDPRUDRGNLINES)
UP=RPMeRP

CALL I1AP1(RPIUUPIRSTIUUINLINES)

CALL I1AP1 (RPyTORUP,RSTyTORU,NLINES)
CALL I1AP)(RP+DTRUDPIRST9yOTRUDRsNLINES)
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OO0

290

300

310
320

330

335

340

350

360
370

380
390

400

410
420

430
440

TRAT=1.0=VSQ/GJCPT]

TRHAT=1,0+¢UP# (UP=2,0%VTP) /GJCPT1
GJCPT2=GJCP22#TORUP

THRRAT=1,04+ (UP#92ayyP*e2) /GICPT2
PHAT=TRAT4#GAMA]

PRRAT=THRAT##GAMAL

FUN1=PRRAT+uwYEP® (PRRAT=PRAT}
FUNP=GAMAL#wYEP#TRAT#*GAMRBL1/ (GJCPT1*FUNL)
FUNI=GAMAL®# {1 .0+WYEP)*TRRAT##GAMB]1/ (GJCPT1#FyN1)
FUN4=GAMA2/ (TRRRAT®#GJCPTZ)
FUNS=(PRRAT=PRAT) /FUNI1
COF(2el)=2.08VMP#FUN2

COF(2+42)=1 40

CUF(2+3)=2,0* (VTP#*FUN2=UP#FUN3)

COF {2464 )=FUN3#UP# (2 ,0#VTPUP) -FUNZ2#VSQ
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CUF (245) =0PRUDP/PORUP-FUNS*DWYDRP=FUNG#* (UP#*®o=LjUP##2) *NTRUDP/TORUPFR*(]130

12 0#RPM® (FUNI# (UP=VTP) =FUN&4* (UP=UUP) )
CALCULATE COEFFICIENTS OF MERIDIONAL VELOCITY EGUATION

IF (ISRI.EN,2,0R,(ISRI,EQ,1,AND,IWRLS,EQ,0)) GO YO 350
GO TO (310933093409320) 91K

IF (JJeNEJMEAN) GQ TO 340

BETP=EET(IU)

DBDRP=DBDR(TJ)

DADRP=DADR(TJ)

GO0 TO 33%

CALL Il1AP1(RPsHETPIRSTyBETHNLINES)

CaLL I1AP1(RPsDBDRPyRSTDRDR»NLINES)
CALL I1AP1(RP4yDADRP4RSTsDADRyNLINES)
SINA=SIN (AYP)

TaNB=TAN (HETP)

COSB=COS(BETP)

COSQR=COSR#n2

COF (341)==TANB®*COSA

COF (342)=0,0

COF(393)=1en

COF(344)=0,0

COF (345)=VMP# (COSA#DBDRP/COSQB=TANB#SINA#DADRP)
GO TO 4S9

IF (ISRILEQ.2.ANDIPOFS«EQ.0) GO TO 400
GO TO (360,38093904370) 01K

IF (JJ+NE.MFAN) GO TO 390
DVYMDRP=CVMDRS(IJ)

GO TO 399

CALL I1AP1(RPsDVMDRPIRST yDVMDRSyNLINES)
COF(3s1)=14n

COF (3,2)=0,0

COF(343)=0.0

COF(344)=0.0

COF (345) =DVVDRP

IF (ISRIGNE,.2.0R.IPOFS.NEL0) GO TO 450
GQ TO (410043094404+420)41K

IF (JU,NE,MEAN) GO TO 440
DTOUDPaDTOUDR(IY)

GO TO 440

CALL I1AP1(RP4DTOUOPyRSTDTOUDR,NLINES)
COF(391)=30e0
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520

530

540

55¢0

600
625
650

700

COF(3+2)=0.0
COF(3,3)=0.0
CUF(394)=TOP
COF (3,45)=0ToubP

CALCULATE COEFFICIENTS OF EULER WORK EQUATION

IF (ISRI.EQ,2) GO TO 500

GO TO (4609480949094 70) 91K

IF (JJ.NE,MEAN) GO TO 490
DYTODRP=DTODR(1J)

GO TOQ 490

CALL I1APY (RPsDTODRPsRST,DTODRyNLINES)
COF (4vl)=0en

COF (442)=0,0

COF (4943)=0,0

COF (494)=TOP

COF (449)=DTODRP

GO TO 550

GO TO (510+5300540+¢520) 1K

IF (JJeNE.MEAN) GO TO 540

UP=U(IJ)

DTOUDP=LUTOUNRI(IJ)

Uuk=uL (TIJ)

DVTYDP=DVYTYUNR(IY)

VTUP=VTU (1)

GO TO 540

UP=RPH#RPM

CALL Il1AP1(RP+DTOUDP+RSTyDTOUDRGNLINES)
CALL T1AP1 (RPsUUPsRSTeUUGNLINES)

CALL I1AP1(RPyDVTUDP+RSTyDVTUDRyNLINES)
CALL I1AP)I(RPsVTUP9RSTsVTUINLINES)

COF (441)=0.0

COF (442)30,40

COF (443)==UP/GJCP2

COF (444)=TOP

COF (4495)=DTOUDP+ (RPM*(VTP=VTUP) =UUP*OVTUDP) 7GJCP2

0B8TaIN SOLUTION AND STORE ANSWERS

CALL SIMEQ(COF ¢DDR 94 +sLSGNy4¢5)

IF (LSGN.NE.1) GO TO 600

RETURN

N0 625 I=1+4

YPRIME(1)=DDR(I)

1F (IK-NE.I.ANDQIKONEQS) Q0 TO 700
VM (JJ) =VMP

PO(JJ)=POP

VT (JJ)sVTP

TO(JJ)=TOP .
GRND (JJ) =COSA®VMP#RP*PO(JJ)* (1,0=VSQ/GJCPT1) ##GAMBL/ (GASC*TOP)
RETURN

END
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APPENDIX XVIII

SUBRAUT INE S IMEQ

The function of Subroutine SIMEQ is to obtain the solution to
a set of simultaneous linear algebraic equations.

Subroutine SIMEQ is called by Subroutine DERIV2; it does not
call any other subroutines. The subroutine does not require external in-
put and does not provide external output. Internal input and output are
transmitted as arguments of the subroutine. The internal input consists
of:

A ND NDP NR
The internal output consists of:

LSGN X

Fortran Nomenclature for Subroutine SIMEQ

The following table gives the Fortran nomenclature for the sym-
bols used in Subroutine SIMEQ. Since the subroutine may be used with any
consistent set of units, the units of the symbols are not specified. The

subscripts | andJ refer to row and column indices, respectively.

Fortran
Symbol Sxmbol Description Units
A(1,d) Coefficient matrix augmented by
a constant vector -
| Row or column index --
J Row or column index --
K Row or column index -
LSGN Indicator:
LSGN=0 if the coefficient
matrix is nonsingular
LSGN=1 if the coefficient
matrix is singular --
NC Number of simultaneous equations
to be solved plus one -
ND Maximum number of simultaneous
equations -
NDP Maximum number of simultaneous
equations plus one -~
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Fortran

Symbol Symbol
NR

X(1)

Description

Number of simultaneous equations
to be solved

Dummy matrix element

Maximum absolute value of a col-
umn element

Absolute value of a column ele-
ment

Solution vector
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375
400
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500

550

600

650
700

SUBROUTINE SIMEQ(A«XsNRoLSGNINDNDP)
SIMEQ = SOLUTION OF SIMULTANEOUS LINEAR ALGEBRAIC EQUATIONS

DIMENSICON A (NDsNDP) 9 X (ND)
NC=NRe1
I=1l

THE PIVOTAL ELEMENT IS MAXIMIZED

S=ABS(A(ILI1))

J=1

IF (I=NR) 15003004600
K=le1

T=ABS(A{KsI}))

It (T.LE,S) GO TO 250
S=T

J=K

K=Kel

IF (K.LE«NR) GO TO 200
It (SetUe0,0) GO TO 750

THE ROWS ARE INTERCHANGED IF NECESSARY

IF (J.LELI) GO TO 375
LSGAN==LSGN

K=]

R=A (1K)

A(lyK)=A(JeK)

A{JyK) =R

K=Kel

IF (KeLELNC) GO TO 350

REDyCE THE ELEMENTS wITH A ZERO CHECK

J=lel

IF (JJLEJNC) GO TO 450
I=1e1

GO0 1O 100

IF «(A(IyJ) EQ,0,0) GO TO 550
A(IeJ)I=A(IeJ)/A(I])

K=1e+1

IF (k,GT,NR) GO TO 5§50
A(KeJ)z=A (Ko J)=A(IoJ)®A(Ky])
K=K+l

GO TO 500

NENES ]

GO TO 400

CUMPUTE THE SOLUTION

K=NRas+ ]
X(NR)ZA(NRoK)
IaNR=1

Jxlel

REQ.0
RERespa(IvJ)®x(J)
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750

JaJdel

IF (J«LEJNR) GO TO 700
X(I)=A(IlsK) =R

I=1=1

IF (I1.68T<0) GO TO 650
LSGN=0

RETURN

LSGN=]

RETURN

END

207

SIM#0057
STM*0058
SIM#0059
SIM*0060
SIM*0061
SIM®0062
SIM*0063
SIM*0064
SIM®0065
SIM®0066



APPENDIX XIX

SUBRPUT INE VMSUB2

The function of Subroutine VMSUB2 is to obtain a new estimate
of the meridional velocity at the mean streamline which will satisfy con-
tinuity.

Subroutine VMSUB2 is called by the main routine; it does not
call any other subroutines. The subroutine does not require external in-
put and does not provide external output. Internal input and output of
the subroutine are transmitted through blank C@MM@BN, COMMBN/C@M4/, and
CAMMBN/CPBM7/. The internal input consists of:

DFLWT DFLWT#® FLWP ICNT ILLP@P
I S@N ISRI IWRLS RAT I8 VMMZ
VMM@ @

The internal output consists of:
ICNT VMMZ

(These symbols are described in the appropriate sections of the C@MM@N

Fortran Nomenclature.)

Additional Fortran Nomenclature for Subroutine SPECHT

The following table gives the Fortran nomenclature for those

symbols used in Subroutine VMSUB2 which are not part of C@MM@N.

Fortran
Symbol Symbol Description Units
DEN@M Wam = Win, 04 Difference in the calculated mass
' flow based on the two previous

estimates of meridional velocity

at the mean streamline Ibm per sec
DVMM Q%Msw\—bAWJn‘£4 Difference in the two previous

estimates of meridional velocity

at the mean streamline fps
DWRAT Wy = W Ratio of the difference between

Wi — Wm,efd the actual mass flow and the

previously calculated mass flow

to DENgM -~
1SGN Indicator:

ISGN=0 if the ratio of DVMM to
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Fortran
Symbol Symbol DescriEtion

DEN@M is negative

ISGN=1 if the ratio of DVMM to

DEN@M is positive

ISGN=ISGNg if the ratio of DVMM

to DEN@GM is zero -
| SGN@

Previous vaTue of the indicator
I SGN
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150
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350
400
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SUBROUTINE vmSUR2

VMSUBZ= OBTalN A NEw ESTIMATE OF THE MERIDIONAL VELOCITY AT THE

MEAN STREAMLINE

COMMON IBRyICOEF9ICONV2ICOOL »IDLETESIDSsILLOOPyILOOP,,ILOSS,
1{MIXeISAVeISON9ISPECIISRIZISTGeIPOFSeNDSTAToNLINESINSPOOL s
2NSTGyNTAPE +NTUBES s IWRLS

COMMON /COM&G/FLWL1T) oFLWP ,HPsRPMsRST(L1T) oWFN({IT)

COMMON /COM7/COT609sDFLWToDFLWTO9EMMAXIEMMINY ICNT o JJY
1JUP ¢ MEAN yRATIO 9 VMM 9y YMMQO 3 YMMOO

IF (ILLOOP.GT«l) GO TO 200

ISGNO=0

IF (RaTIO.LF.le2) GO TO S50

RATIO=1.2

GO 70 lo0

IF (RATIO.LT.0,833) RATIO=0,833

IF (ISRI.NE.1+0R.IWRLS.NE.2) GO TO 150

IF (ISONJEQ@.0) GO TO 150

yMMayVMORRATIO

RETURN

VMM=VYVMQ/RATIO

KETURN

DENOMsDFLWT=NFLWTO

IF (DENOM NE.Ve0) GO TO 250

VMM=0,5% (VMMO+VMM0O0)

RETURN

DWRAT=(FLWP=DFLWT)/DENOM

1F (DWwRAT,LE.2.0) GO TO 300

DWRAT=2.0

G0 TO 350

IF (DRRAT,LT.=2,0) DwRAT=a2,0

DVMMsVMMO=YMMO0

VMMzVMMC+DWRAT®*DVMM

IF (DVMM/DENOM) #400+4509500

ISGN=0

GO TO 550

ISGN=ISGNO

GO TO 550

ISGN=1

IF (ILLUOP.EQ.2) GO TO 600

IF (ISGN(NE.ISGNO) ICNT=ICNT+1
ISGNO=ISGN

RETURN

END
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APPENDIX XX

SUBR@UT INE_REMAN2

The function of Subroutine REMAN2 is to obtain streamline val-
ues for those quantities tabulated in the output for a design station
which have not already been obtained.

Subroutine REMAN2 is called by the main routine; it does not
call any other subroutines. The subroutine does not require external in-
put and does not provide external output. Internal input and output are
transmitted through blank C@MM@N, CEMM@N/C@MI1/, CPMMBN/CEM2/, CHMMEN/CBM3/,
and CAMMON/C@M5/. The internal input consists of:

AY CP2 CP3 DTH GAMAT
GAMC1 GAMD2 GAMD3 GGG GJCP12
ICONV ISRI IWRLS NL INES PP
P@@ P@@2 PARU POU T8
T00 T892 TPRU U VM
VRU VT VU

The internal output consists of:
BET BETR BREFF EFFR EFFS
EM EMR p PAR REAC
REACH T TR v VR
VX

(These symbols are described in the appropriate sections of the C@MM@N

Fortran Nomenclature.)

Additional Fortran Nomenclature for Subroutine REMAN2

The following table gives the Fortran nomenclature for those

symbols used in Subroutine REMAN2 which are not part of C@MM@N.

Fortran
Symbol Symbol Description Units
EMRSQ sz A streamline value of the square
Y .

of the relative Mach number -
GJCPTI QagwtpiTaﬂ Parameter related to a streamline

value of the total temperature

and the specific heat at a design 2

station fps
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Fortran

Symbo]

P@P

PPRP

PP

T4P

TORP

TP

VMSQ

VRSQ

VTRP

VTSQ

VXP

Sxmbol
(P

()3
Py
(T3
(To)y
b}
(Vk:x
(M), - sy

(V);
(_\/:Li l

Description

A streamline value of the abso-
lute total pressure

A streamline value of the rela-
tive total pressure

A streamline value of the static
pressure

A streamline value of the abso-
lute total temperature

A streamline value of the rela-
tive total temperature

A streamline value of the static
temperature

A streamline value of the square
of the meridional velocity

A streamline value of the square
of the relative velocity

A streamline value of the rela-
tive tangential velocity

A streamline value of the square
of the tangential velocity

A streamline value of the axial
velocity
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SUBROUTINE REMAN2
REMANZ « ORTAIN THE REMAINDER OF THE TABULAR OUTPUT

COMMON 1HR,ICOEFsICONVsICOOLyIDLETESIDSoILLOOPyILOOP,,ILOSS,
1IMIXe[SAVISONSISPEC ISRICISTGsIPOFSyNOSTAToNLINESsNSPOOL »
2NSTGINTAPE ¢yNTUBES s IWRLS

COMMON /COMYI/AY(L1T7)¢BET(17)4BETR(17)s8BREFF(LT)sCRV(17),
10FLOW(LTY sEFFRILT) 9EFFS(1TIoEM(L7)9EMR(17)+FACL(1T)9GRND(1T7)
29(17)!P0(17)QPOR(17)!BEAC(17)!T(17)OTO(17)’TOR(]?)'U(17)!
IVILITYaVM(ITYeVR(LT) o VT (LT) oVX(LT)oWYE(LT) oWYK(17)

COMMON /COM2/CP (17)9sCPL9CP29CP3I9CP4GyCPSIEJUCPIIEICP2?
16AMAl 3 GAMA2 4 GAMAJ +GAMBL 9y GAMC] 9y GAMD2 9 GAMDI s GAMD4 4 GAMDS »
2GAM] ,GAM2,GAM3 3 GAM4 ,GAMS 4 GASC 466G sBJCP]L4GJCPL12,BJCP2¢
AGJCP229GUCPI2+GUCPE2+GICPS2

COMMON /COMI/BETRU(LIT7)BETU(L17) +BREFFO(17) +OPOUDRILT) Y
1DPRUDR (17) +OTRUDR(L17)ePOO(L1T7)sPO02(LT7)9sPORU(LT) »POU(L1T)
2REACO(17)9TQO(17)9TOO2(17)eTORU(1T7) o TOUCIT)oUU(17)
3VRUCL7)oVTU(LT) oVUCLT) ¢WYEQ(L17) «DTQUOR(17) sDVTUNRILY)

CUMMON /COMS/ASTR{1T917)9ASTS(L17)sBETLT(17)9CSTR(1T917)»
1CSTS(17)9DTOCLT)sFHP(B) oFLWCIPOF (8) 9 ISTRACHNLT,
2NSTATINSTRACINXToPOF (1798) oyPOLT(17) ¢RANN(1992) 9RLT(17)
JRSTRAC(1T917) +RSTRAS(LT)sRXTS(IT)oTOC(16) s TOLT(1T)
AWRLS(LT) o XMIX(17916) o XSTAT(19)eYOS(1T7)oIWRL(8) oVUM(B) sVUMS,
SDYMDRS(17)9DVMDS(1T)

DO S00 J=19eNLINES

VMP=VNM (J)

VMSQ=VMP##2

vIiPr=vT (J)

VTSQ=VvTPua2

VSQ=vrSR+VTSN

v{J)=SQRT(vySQ)

COSA=COS (AY (L))

VXP=CCSA#VMP

VX(J)=YXP

TO0P=TO(J)

GJCPT1=GJCP12#T0OP

TP=TOP#(]1,0=-VSQ/GJCPTL)

TUJ)=TP

POP=PO (J)

PP=POP# (TP/TOP) ##GAMA]

P(J)=Pp

EM({J)=SQRT(VSGQ/ (GGG1*TP))

[F (ISRI.EQ.,3) GO TO S00

VIRPasVTPaU(J)

vRSQ=yMSQeyTRP##2

VR(J)=SQRT (VRSQ)

EMRSQ3VRSQ/ (GGGL*TP)

EMR (J) =SQRT (EMRSQ)

TORP=TP#(1,0+GAMC]1*EMRSQ)

TOR(J)=TORP

PORPaPPH (TORP/TP) #8GAMAL

POR(J) 2PORP

BETR(J)SATAN(VTRP/VXP)

IF (ISRI.EQ,2) GO TO 150

50 BREFF(J)=(1.0=TP/TOP)/(1.0=(PP/POU(J))**GaMD2)
100 IF (ICONV.EQ.l) REACO(J)=mvVU(J)/V ()
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REM®*0001
REM®*Q00D2
RFM*0003
REM#0004
REM#0005
REM®0U006
REM#0007
REM®*0008
REM®*0009
REM*#0010
REM#0011
REM#%*0012
REM#0013
REM#0014
REM®*0015
REM#0016
REM*0017
REM*0018
REM*0019
REM*0020
REM#0021
REM*#Q022
REM*0023
REM®*0024
REM®*0025
REM#0026
REM®#0027
REM#0028
REM#0029
REM#0030
REM®#(Q031
REM#0032
REM#0033
REM*0034
REM#0035
REM®#0036
REM#0037
REM®#0038
REM#0039
REM®0040
REM#0041
REM#0042
REM*®*0043
REM#0044
REM#0045
REM*0046
REM*0047
REM#0048
REM®*0049
REM*0050
REM®0051
REM#0052
REM%*0053
REM®#0054
REM®*0055
REM®*0056



150
300

350
400
450
S00

IF (IWRLS.EQ.0) GO TO 450
G0 TO 500

EREFF (J)=(1,0-TP/TORP) /(1,0 (PP/PORU (J))#4GAMD2#TORV (J) /TORP)

IF (ICONV.EQ,0) GO TO 459
REAC (J)=2VRU(J)/VR(J}

EFFS (J)aCP2#DTO (J)/(CPI®#TO02 (J)#(1,0=(POP/PQN2(J) ) #*GAMDI))
EFFR(JI=(DTO(JI/ZTOO(J) I/ (1e0=(POP/PO0(J) ) #2GAMND2)

BET(J)I=ATAN(VTP/VXP)
CONTINVE

RETURN

END

214

REM®0057
REM#*0058
REM#(059
REM®0060
REM*0061
REM#0062
REM*q063
REM®*0064
REM#*0065
REM®*0066
REM®#0067



APPENDIX XXI

SUBRPUTINE SETUP2

The function of Subroutine SETUP2 is to obtain:
l. Streamline values of quantities which are required for the
calculations at the following design station.

2. Mass averaged values which are to be printed in the output.

Subroutine SETUP2 is called by the main routine; it does not
call any other subroutines. Subroutine SETUP2 does not require external
input and does not provide external output. Internal input and output
are transmitted by blank C@MM@N, COMMEN/CEM1/, CHMMEN/C@M2/, CHMMPN/CEM3/,
CAMMBN/CPML/, CPMMBN/CPM5/, COMMEN/CEM6/, CEMMBN/CBM9/, and CEMM@EN/CEMI11/.

The internal input consists of:

BET BETR BREFF CNV5 CP2
cP3 cPL €P5 DTE EJAY
ENMI FLW FLWC FLWM FLWP
GAMAI GAMD3 GAMDL GAMD5 GJCP12
GJCP32 GJCPL2 GJCP52 IBR ICagL
IDS IMIX 1SAV ISR ISTG
NDSTAT NLINES NSP@@L NSTG NTUBES
P ] @ T@C U
v VR VT WYE XMIX
The internal output consists of:
BETRU BETU BREA BREAP BREFF@
#Js #SE gTE @Ts oTT
ow Pog P@p2 PARU P@U
SJS SJSP SPJS SPP SPSE
SPTE SPTS SPTT SPW SSE
SSEP STE STEP SwW SWP
109 1982 TERU TQU uu
VRU VTu VU WYES®

(These symbols are described in the appropriate sections of the C@MMBN

Fortran Nomenclature.)
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Additional Fortran Nomenclature for Subroutine SETUP2

The following table gives the Fortran Nomenclature for those

symbols used in Subroutine SETUP2 which are not part of C@MM@N.

Fortran
Symbol , Symbol
DTEA NG
FLWCE We -1
J )
dP L?'ADV
@PB (?T) )
PA P
PARAM
| '
PARMB S, Xrai Poi dua
J xmidw'
PARMC S % i T
J:JIXM‘Z dw’
PBA E“
POAG AW
PEADD )y
POAGED (Po) it
sp Pra
SPB G
SPPB Py

Description

Mass averaged value of the
absolute total temperature
drop across a rotor

Coolant mass flow added to the

upstream blade row
Streamline index

Over-all power output of the
turbine

Over-all power output of the
turbine

Mass averaged value of the
static pressure at a design
station

Product of the specific heat,
mass flow, and mass averaged
total temperature

Quotient containing SUMB and
SUMA

Quotient containing SUMC and
SUMA

Mass averaged value of the
absolute total pressure at a
stage exit

Mass averaged value of the
absolute total pressure at a
stage inlet

Mass averaged value of the
absolute total pressure at a
spool inlet

Mass averaged value of the
absolute total pressure at
the turbine inlet

Stage power output
Stage power output

Spool power output
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Uni ts

deg

1bm

hp

Btu

psf

Btu

psf

deg

psf

psf

psf

psf
hp

Btu
Btu

R

per sec

per sec

per sec

per sec

per sec



Fortran
Symbol Symbol
[} ¢
SUMA J; Xwi Aw
\
SUMB J;Xm-'. £ dw’
! - ]
SUMC X Ty dus
[]
TFLWC
TFLWCE
TFLWCT
T@A Tos

TOAD (ﬁi)v;

ToAGD Fohm
TEADPS Tt
TACP G-mb Vv
TACPP (713{4
TSRAT

TTRAT

Description

Integral of the mixing coeffi-
cient with respect to the non-
dimensional mass flow function

Integral of the product of the

mixing coefficient and absolute

total pressure with respect to
the mass flow function

Integral of the product of the

mixing coefficient and absolute

total temperature with respect
to the mass flow function

Sum of the product of coolant
total temperature and coolant
mass flow for a stage

Sum of the product of coolant
total temperature and coolant
mass flow for the turbine

Sum of the product of coolant
total temperature and coolant
mass flow for a spool

Mass averaged value of the
absolute total temperature at
a stage exit

Mass averaged value of the
absolute total temperature at
a stage inlet

Mass averaged value of the
absolute total temperature at
a spool inlet

Mass averaged value of the
absolute total temperature at
the turbine inlet

Total temperature of the coolant

added to the downstream blade
row

Total temperature of the coolant
added to the upstream blade row

Mass averaged static-to-total
temperature ratio

Mass averaged total-to-total
temperature ratio
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Units

1bm

psf

deg
per

deg
per

deg
per

deg

per

deg

deg

deg

deg

deg

per sec

Ibm per sec

R 1bm
sec

R 1bm
sec

R 1bm
sec

R 1bm
sec



Fortran

Sxmbol

UA

UAA

UAAA

UAAAA

UAZ

XMIXP

Symbol

WA
“"I‘
T

Weov

Wen

(XMAJ

DescriEtion

Mass averaged blade velocity
at a blade row exit

Average blade velocity for a
rotor

Average blade velocity for a
spool

Average blade velocity for the
turbine

Mass averaged blade velocity
at a stator exit

A streamline value of the
mixing coefficient
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fps

fps

Units



il

QOO0

OO0

100

i50
200

SUYROUTINE SETUP2

SETUP2= OHTAIN THE QUANTITIES WHICH ARE REQUIRED REFOQRE
PROCEEDING TO THE NEXT DESIGN STATION

COMMON JBR.ICOEFyICONV.ICOOL+IDLETE»IDS» ILLOOPILOOP,ILOSS,
1IMIX o TSAV+ISONIISPECISRIZISTGeIPOFSyNDSTATINLINESsNSPOOL ¢
2NSTGyNTAPEWNTUBESy IWRLS

COMMON /COMLI/ZAY (1T7)+BET(XT7)sBETR(1T)sBREFF(17)sCRV(1IT)
1DFLOWELT) sEFFR(1T) 9EFFS(1IT)»EM(LIT) sEMR(LT)»FACL (1T)9GRND(17)»
2P (17)9PO(17)sPOR(LI7)sREACILIT) oT(1T7)sTO(LT)IoTOR(IT)IU(LIT)»
VLTI oVM(LTY oVR(LIT) oVT(L1T7) s VX(L1T) o WYE(LT) oWYK(17)

COMMON /COM2/CP (17)sCP1sCP2yCP3,4CP4yCPS,EJUCP)EJCP2y
1GAMAL 4GAMAR ,GAMAI4GAMB ]l yGAMC] yGAMD2+GAMDI 4GAMD4 4 GAMDS ¢
2GAM19GAM29GAMI 1GAM4 s GAM54GASC GGGl 98JCPL yGJCPL2,GJCP2Y
IGJCP22¢yGJCP32+GJCP42y6JCPS2

COMMON /COM3/BETRU(17)9BETU(17) ¢BREFFO(17)9DPOUDRILIT)»
1UPRUDR(17) +DTRUQR(17)sP00(17)9sPO02(17)+sPORU(LT) +POU(LT)
2REACO(17)9TOO(17)4TO02(17)sTORU(LT)»TOU(LT)sUU(1T) s
AVRU(17) o VTU(CL1T) 9VU(LT) sWYEO(1T7) sDTOUDR(17)+DVTUDRI(1T)

COMMON /COM4/FLW(17) oFLWPoHPsRPMIRST(17) oWFN(1T)

COMMON /COMG/ASTR(17917) ¢sASTS(L17)«BETLT(17)eCSTR(17017)
1CSTS(17)sDTQ(17) oFHP (8) «FLWCoIPOF (8) ¢ ISTRACHNLT,
2NSTAToNSTRACeNXToPOF (1748) 9POLT(17) sRANN(1992) oRLT(L1T7)
ARSTRAC(17917) sRSTRAS(LT) oRXTS(1T) 9 TOC(16) s TOLT (17
AWRLS (17) e XMIX(L1T7016) o XSTAT(19)9Y0S(17) o IWRL(B) 1 VUM(B) »VUMS,
SOVMDRS (17)9DVMDS(17) )

CUMMON /COMA/CNV]1sCNV29CNVIZCNVS9EJAYIGO9PIsTOLWY

COMMON /COMG/BREA (16) yBREAP ¢ENMI 9yFLWMIOUSHOSESOTESOTSy
10TT+0WsSJUS{B) 9SUSPISPJSISPPsSPSE+SPTEsSPTSsSPTT4SPWISSE(8) s
2SSEPYSTE(8) ySTEPsSW(B) s SWP

COMMON /COM]1/ AYPsCOSAsCOSByCOSAB+sDBDRPDBRUDR (17)9DBUDR(17)»
1DFLOR(LT7) +OVRUDR(L1T7)9OVUDR(1T7)9IJe TANBIVMPIVSQyVTP

IF (IDS.EQ,NDSTAT) GO TO BOO

IF (IMIX.EQ,0) GO TO 200

08TAIN THE MIXED VALUES OF TOTAL TEMPERATURE AND PRESSURE

SUMA=0.0

SUMB=0,.0

SUMC=Q4+0

DO 100 J=lyNLINES

XMIXP=XMIX(Jo10S)

IF (JeEQeleOReJoEQeNLINES) XMIXPmOoS#XMIXP
SUMA=SUMA+XMIXP
SUMBaSUMBeXMIXP#PO (J)
SUMCsSUMC+XMIXPeT0O(J)

IF (SUMALEQ.0.,0) 60 TO 200
PARMBaSUMH/SUMA

PARMCaSUMC/SUMA

DO 150 'JmlyNLINES

AMIXP3XMIX (J930S)
POU(JIB(1e0=XMIXP)*PO(J) $PARMB®*XMIXP
TOU(J) = (1,0=XMIXP)*T0(J) ¢PARMC®#XM]IXP
60 TO 3J00

DO 250 'UslyNLINES

POU (J) =PO (J)
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SET#0000
SET#0001
SET*0002
SET#0003
SET*0004
SET#0005
SET*#0006
SET#0007
SET*0008
SET#0009
SET*0010
SET*0011
SET#0012
SET*0013
SET#0014
SET#0015
SET%0016
SET*0017
SET*0018
SET*0019
SET*0020
SET#0021
SET#0022
SET#0023
SET#0024
SET*0025
SET®0026
SET#0027
SET#0028
SET#0029
SET*0030
SET#0031
SET#0032
SET#0033
SET#0034
SET*0035
SET#0036
SET#0037
SET#0038
SET#0039
SET*0040
SET#0041
SET#0042
SET*#0043
SET#0044
SET#0045
SET#0046
SET#0047
SET#0048
SET#0049
SET*0050
SET*0051
SET#0052
SEY*0053
SET*005¢
SET#0055
SET®#0056



O00

259
300

400
500

-550

578
600

650
700

750

800

850

875

900

950

1000

TOU(J)=TO (D)
IF (ICOOL.NE.2) GO TO 500

OBTAIN THE COOLED VALUES OF TOTAL TEMPERATURE

TOCP=TOC(IDS)
DO «00 J=14NLINES

TOU ()= (FLWP#*TOU (J) +FLWCSTOCP )/ (FLWP+FLNC)

IF (ISRI.EQ.1) GO TO 600

DO 550 JalysNLINES

PO02 ¢tJ)=PO ()

TO020)=TO(Y)

VuiJ)sviJ)

0V S7Y J=xl,NLINES

BETU (J)=BET (J)

GO 70 800

DO 650 J=lyNLINES
POO(J)Y=2PO (W)

TOO(J)=TO ()

WYEQ (J)=WYE (J)

BREFFQ(J) aBREFF (J)

uu tJdy=utJd)

VIU() =VT (D)

VRU(J)aVR(J)

TURY J) =70y (J) * (VR (J) ##2=y (J)##2) /GJCP]12
PORU (¢J)3POU (J)®*(TORU(J) /TOU (J) ) #8GAMA]
CUNTINUE

DO 750 J=1yNLINES
BETRU(J)=8ETR(J)

GO TO 950

TOA=0,5#T0 (1)

PUA=(Q.5%P0())

DU 850 Jx=2yNTUBES
TUAzTOA+TO (J)

PUA=PQA+PO (y)
TOA=(TOA+0.,5*TO(NLINES) ) /ENM]
POA= (POA+0,5*PO(NLINES) ) 7ENM]
IF (ISRI=3) 8759160091650
PAx0,5%P (1)

DTO0A=0.540To (1)

D0 900 J=2¢NTUBES

PAzpA+p (J)

DTOA=DTOA«DTO(J)

PA= (PA+0,S#pP (NLINES))/ENM)
DTOAS(DTOA+0.5*DTOINLINES) ) ZENM]
UAzp,5%U(])
BREAR=0.S%BREFF (1)

DO 1000 J=2.,NTUBES

UAzUA+U ()
BREAP=BREAP+BREFF (J)
UA3{UA*0 5%y (NLINES) ) /ENM]
BREAP=2 (BREAP+0«5*BREFF (NLINES) ) /ENM]
BREA (1BR) sBREAP

IF (ISRI.EQ.1) 60 TO 1750
SWPaCP2#DTOA

SW(ISTG)=sSWp

SPBaFLwP#SwP

SPSEJAY*SPR/CN /S5
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SET*0057
SET#0058
SET*0059
SET*0060
SET*0061
SET#0062
SET®*0063

-SET®*0064

SET#0065
SET*0066
SET*0067
SET*0068
SET*0069
SET#0070
SET*0071
SET®*0072
SET*0073
SET®*0074
SET®*0075
SET#0076
SET®*0077
sET*0078
SET#0079
SETY*0080
SET*0081
SET#g082
SET*0083
SET*0084
SET*0085
SET*0086
SET#0087
SET#0088
SET*00g89
SET#0090
SET#0091
SET*0092
SET#0093
SET*0094
SET*0095
SET*009¢
SET*0097
SET*#0098
SET*0099
SET*0100
SET*0101
SET*0102
SET*0103
SET*0104
SET®*0105
SET*0106
SET*0107
SET*0108
SET*0109
SET#0110
SET*0111
SET#0112
SET#0113
SET#0114



- Celed

1050

1100
1150

1200

1250

1300

1350
1400

1450

TTRAT= (POA/POAQ) ##GAMDI

IF (ICOOL,EG,2) GO TO 1050
PARAM=CP3#F_WP*T0AO

GO To lis0
TFLWC=FLWC#TOCP+FLWCO®*TOCPO
PARAM=CP IR (FLW(IDS=2)*TOAO+TFLWC)
IF (1STG.NE.1) GO To 1100
TFLWCT=TFLWC

GO TO 1150
TFLWCT=TFLWCT+TFLWC
STEP=SPB/({PARAM® (] ,0=TTRAT))
TSRAT=(PA/PQAQ)#%GAMDI
SSEP=SPB/(PARAM#® (1,0~TSRAT))
STE(ISTG)=STEP

SSE(ISTG)=SSEP

UAA=D,5% (UALUAD)
SJUSP=UAA/SQRT (BJCPI2#TOAO*(1,0=TSRAT))
SJUS(1STG)=SYSP

IF (ISTG.NE,1) GO TO l200
SPA=SAP

SHPzSP

UAAA=UAA

GO T0 1250

SPW=SPW+SwP

SPP=SPP+SP

UAAA=UAAA+UAA

IF (ISTG.NE.NSTG) GO TO 1700
SPTT=FP0AO0/POA

SPTS=POAOO/PA

If (ICOOL.EQ.2) GO TO 1300
PARAM=CPRG#F | wP#TOAOO

GO TO 1400

PARAM=CP4% (FLW(1)#TOAOO+TFLWCT)
IF (NSPOOL.EQ.l) GO TO 1400
IF (ISAV,NE,1) GO TO 1350
TFLWCC=TFLWCT

GO TO l4o0
TFLWCO=TFLWCO+TFLWCT
SPPH=CNVS#SPP/EJAY
TTRAT=1,0/SPTT#*#GAMDS

ONE=100

TSRAT=ONE/SPTS*#GAMD4
SPTE=SPP3/ (PARAM#* (1 0-TTRAT))
SPSE=SPPR/ (PARAM® (] ,0~TSRAT))
UAAA=UAAA/FILOAT (NSTG)

SPJS=UAAA/SQRT{GJCP42*TOAQO® {1 ,0=-TSRAT))

IF (NSPOOL.EQ.]1) RETURN
IF (ISAV.NE.1) GO TOo 1450
Ow=SPwu

OP=spp

UAAAA=UAAA

RE TYRN

OW=0W+5PwW

OPaQP+SPP
UAAAA=UAAAALUAAA

IF (ISAV.NE.NSPOOL) RETURN
0T T=POA00Q/POA
0TS=PQAQQQ/PA
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SET*0115
SET#0116
SET#0117
SET*0118
SET*0119
SET*0120
SET*0121
SET#0122
SET*0123
SET#0124
SET*0125
SET#0126
SET*0127
SET#0128
SET*0129
SET*0130
SET#0131
SET*0132
SET#0133
SET#0134
SET*#0135
SET#0136
SET#0137
SET*0138
SET*0139
SFT*0140
SET#0141
SET*0142
SET#0143
SET#0144
SET#0165
SET*0146
SET#0147
SET#0148
SET*0149
SET*0150
SET#0151
SET#0152
SET*0153
SET#0154
SET*0155
SET#0156
SET#0157
SET#0158
SET#0159
SET*0160
SET#0161
SET#0162
SET#0163
SET#0]164
SET*0165
SET®#0166
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SET#0168
SET#0169
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SET*#0171
SET#0172



550
552
554
555
561
S64
570
574
600
603
605
1614
1614
1616
1617
1621
i62e
1624
1625
1626
1630
1532
1634
1635
1636

1500
1550

1600
1650
1700

1750

IF (ICOOL.EQ.2) GO TO 1500
PARAMzCPS5#F_WP#TOAO000

60 70 1550

PARAMECPS® (F_WNM®*TQAQQOQCTFLWCO)
OPB8aChNVS#C0P/EJAY

TTRAT=) 4()/0TT®¢GANDS
TSRATsONE/OTS**GAMDS
OTE=OPB/ (PARAM® (1 ,0=TTRAT))
OSE=0PB/ (PARAM® (1,0=TSRAT))
UAAAASUAAAA/FLOAT (NSPOOL)
0JSaUAAAA/SGRT (GUCPS2eTOAO00® (1 ,0«TSRAT))
RETURN

TOAQQO=TOA

POAQOO=POA

TOAQO=TOA

POAQOSPOA

TOAQ=TOA

POAQaPOA

RETURN

uAQsyA

IF (ICOQOLJNE«2) RETURN
TOCPOsTOCP

FLWCOsFLWC

RETURN

END
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SET#0173
SET*0174
SET®*Q17S
SET®#0176
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SET*#0179
SET#0180
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SET*01g2
SET#0183
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APPENDIX XX11

SUBRGUT INE gUTPUT

The function of Subroutine GUTPUT is to write the results of the
calculations at a design station onto the output tape unit.

Subroutine PUTPUT is called by the main routine; it does not
call any other subroutines. The subroutine does not require external in-
put. The internal input is transmitted through blank C@ZMMPN, C@MMEN/CPMI1/,
CAMMBN/CPAM3/, COMMBN/COML/, COMMEN/CEM6/, and CAMMIN/CEMY/; it consists

of :
AY BET BETR BREA BREAP
BREFF BREFF@ CNVI CNV2 CNV3
CRV DFLOW EFFR EFFS EM
EMR 1CONV 1copL IDS IMIX
1SAV ISR ISTG NDSTAT NLINES
NSP@@L NSTG NTAPE gJs @#SE
gTE @Ts gTT aw P
P@ P@R PBRU P@U REAC
REACS RST SJsS SJSP SPJS
SPP SPSE SPTE SPTS SPTT
SPW SSE SSEP STE STEP
SW SWP T T0 TOR
TORU T8U U v VM
VR VT VX WYE WYEQ

(These symbols are described in the appropriate sections of the C@MM@N

Fortran Nomenclature.) The external output consists of:

AY BET BETR BREA BREAP
BREFF BREFF# CRV DFLAW EFFR
EFFS EM EMR gJs @SE
gTE gTs T W P

Pg P@R P@RU PgU REAC
REACH RST SJS SJsP SPJS
SPP SPSE SPTE SPTS SPTT
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SPW
SW
TORU
VR

SSE
SwWP
ToU
VT

SSEP STE
T T8
u v

VX WYE

Subroutine GUTPUT does not provide internal output.

Additional Fortran Nomenclature for Subroutine @GUTPUT

STEP
T#R
VM
WYEQ

The following table gives the Fortran nomenclature for those

symbols used in Subroutine OUTPUT which are not part of C@MM@N.

Fortran
Symbol

HW5
HW6
|
J

Sxmbol

Description

Alphanumeric information
Alphanumeric information
General index

Streamline index
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Units



OO0

Oo0o0o

100

150

200

300

SU3ROUTINE nUTPUT
QUTPUT = PRINT THE OUTPUT OF THE CALCULATIONS

COMMON IBRGICOEF yICONVICOOL yIOLETE+IDS,ILLOOP,,1LOOP,,ILOSS,
1IMIX s ISAVeISONSISPECIISRILZISTGyIPOFS«NDSTATINLINESsNSPOOL Y
2NSTGINTAPEINTURES » IWRLS

COAMON /COMI/ZAY(1T)9BET(17)+BETR(17)«BREFF (1T7)9CRV(1T)
10FLOW(LT)SsEFFR(LT)CEFFS(1T) 9EM(LY) sEMR(LT)sFACL (17)9GRND(L1T7)»
2P(17)ePO(1T)ePOR(17YSREACIIT)oT(L17)eTO(LIT)oTOR(IT)Y :U(1IT)»
AVILTY e VM(LTYOVR(YT) o VT {IT) oVX(1T) o WYE(LT) yWYK(17)

COMMON /COM3I/BETRU(17)9BETU(17)+BREFFO(17)+OPOUNR(LT)
1UPRUDR(17)sDTRUDR(17)9PO0(17)9P0O02(17)sPORU(L1T7)+POU(L1T)
ZREACO(LI7)9TOO(LT7)eTOO2(1T7)sTORU(L7) o TOUCLTYoyu(17) >
AVRU(LI7)eVTU(LT) oVU(LT) sWYEQ(1T7)sDTOUDR(L1T7) +OVTUDNR(1T)

COMMON /COM&/FLW(17)sFLWPHPoRPM¢RST(17)eWFN(17)

COMMON /COM6/CNy1 9CNY23CNYy3I4CNYSHIEJAYsGOsPL»TOLWY

COMMON /COMQ/BREA(16) sBREAPENM]I 9FLWMIOQUSHIUSESOTE 0TS
10TTs0WeSJUS(R) 9SJISPISPISISPPsSPSEsSPTESPTSeSPTT,SPWeSSE(R) s
2SSEP.STE(R) ¢STEP9SW(B) »SwP

DIMENSION HwS(28) +HWOE(2)

DATA (HWS(I)9I=1428)/6H PRESIH6HSURE 2 6H LOy6HSS ’
16H BLAD¢6HE=-ROW ¢6H COEFF,6HICIENTs6H EFFIC,6HIENCY o
249%6H 26H STREAWOHMLINE ¢6H SL ¢ 6HOPE v6H STREA,
A6HMLINE +6H AN ¢ HHGLE 96H CURVe6HATURE 46H (D
46HEG) s6H  (PER46H IN) /

NATA (HW6(I)eI=1¢2)/6HSTATORs6H ROTOR/

CONVERT THE TABULAR OUTPUT INTO THE yUNITS OF THE INPyr

w0 200 J=19NLINES

RST (J)=CNy1#RST (J)

PO(J)=PO(J)/CNV2

HET(J)=CNVISBET (J)

P{J)=P (J)/CNV2

IF (ICONV.EQe0eANDISRILT+3) GO TO 100
AY (J)=CNVIBAY (D)

CRV (J)=CRV(J)/CNV1

1F (1SRI1.GE.3) GO TO 150
POR(J)=POR(J)/CNV2

HETR (J) =CNVI®*BETR (J)

IF (IUSEQ.NDSTAT) GO TO 200

IF (ICONV.EQeOeOR. (IMIXsEQeOeANDsICOOLJNE.2)) GO TO 200
POU (J)=POU (J)/7CNV2

IF (ISRILNE.1) GO TO 200

PORU (J)BPORU (J) /CNV2

CONTINUE

PRINT THE TaRULAR OUTPUT

WRITE (NTAPE300) (JoRST(J) sDFLOWIJ) sVM(J) oVX LD o VT () sV (J) ¥
1 EM(J) sPO(J) o TO(J) ¢HET (J) 91J=1 o NLINES)
FORMAT (///7/B2X+6 (4X9+BHABSOLUTE) /1 Xxs10HSTREAMLINE ;4X,
16HRADIAL 95X 4 IHMASS=FLOW92X ¢ 1 OHMERIDIONAL 9ySX9SHAXTAL 07Xy
25HWHIRL 95X ¢ gHABSOLUTE 96X ¢ SHMACH 92 (7X9sSHTOTAL) ¢ 7X94HFLOW/
33X y6HNUMBER ;SX ¢ BHPOSITION 4 X BHFUNCTION 4 (4X oBHVELOCITY)
45X s OHNUMBER ¢ SX 9 SBHPRESSURE ¢ 3X 9 1 IHTEMPERATURE 9 4 X ¢ SHANGLE/
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ouUT*0000
oUT#0001
ouUT*0002
ouT*0003
OyT#0004
0UT*0005
ouUT*#0006
ouT#0007
oUT*0008
OlLT*0009
ouyT*0010
ouUT*0011
ouT*0012
ouT*#0013
OUT*0014
ouUT*0015
ouUT*0016
ouUT*0017
oUT*0018
ouT*#0019
ouT#®0020
ouT*0021
ouT#0022
ouT*0023
oUT*0024
ouUT#0025
ouUT*0026
oUT*0027
oyT*®0028
ouT*0029
oUT*0030
ouT*#0031
ouT#0032
ouT#0033
ouT#0034
OUT#0035
oUT#*0036
ouT#0037
ouT*0038
ouT®0039
ouUT#0040
ouT#0041
oUT*0042
ouT#0043
oUT®*0044
OUT*0045
oUT#0046
ouUT®*0047
0UT*#0048
oUT*0049
oUT*0050
oUT#00S1
oUT*0052
ouUT*00S3
0OUT*0054
0UT*0055
ouT*0056



S16Cs4H(IN) 06X eFH(LBM/SEC) 95X 94 (SHIFPS) o7X) 112X 9GH(PST) ouUT®#0057

66X, TH (DEG R),bX,SH(DEG)//(SX,IZ,SX.FIO.“.3K¢F10.5.1X. ouT*0058
T4(F10ea392X) 92X9F8,593X9F9,494XeFB,2e3X9FB,3)) QUT*0059

IF (ISRI.LT.3) GO TO 400 QUT*0060
WRITE (NTAPF+350) (JeP(J)sT(J)sAY(J)sCRV{J) sJs]1,NLINES) ouT#0061

350 FORMAT (///7/3TXAs1QHSTREAMLINE/1Xe10HSTREAMLINE y4 Xy oUT#gp62
12(6HSTATICs6X) #1X9eSHSLOPE 44Xy 10HSTREAMLINE/Z3IX e 6HNUMBER, ouT#0063
25X ¢BHPRESSURE ¢3X 91 IHTEMPERATURE 94X 9y SHANGLE ¢SX 9 9HCURVATURE/ ouT#N064
316X 9SH(PSI) ¢6XesTH(DEG R) 96X9SH(DFG) +SXe8H(PER IN)// ouUT#0065
4(OKeI216X9FQed 94X eFBa294X9FBeI93X9F10e9)) oUT#®0066

IF (ICONV,EN,0) GO TO 1800 ouUT#0067

GO TO 1500 ouUT#*0068

400 [F (ICONV.ER.1) GO TO 600 QUT*0069
WRITE (NTAPE9650) (HWS(I)eI=1914) ouUT®0070

450 FORMAT (//7/736X92A6434X04(4X98HRELATIVE)/1X910HSTREAMLINE »4Xy ouUT#*0071
LOHSTATICs6X46HSTATIC 93X 04A694X95HBLADE ¢ SXoOHRELATIVE,OX, ouT#0072
24HMACH 9B X 92 (SHTOTAL o 7X) s 4HFLOW/3 X+ 6HNUMBER9Sx 9 BHPRESSURE 9y 3y oUT#0073

A1 IHTEMPERATURE 94A6¢2X 92 (BHVELOCITY94X) 9 7TH NUMBER ¢SXo ouT#0074
4HHPRESSURE ¢ 3Xs 1 IHTEMPERATURE 94X s SHANGLE/16X9SH(PST) e6Xy QUT#*007S
STH(DEG R) 42X 94A6 44X 2 (SH(FPS) s TX)912Xe5H(PSI)96Xs7TH(DEG R), ouT®0076
66X95H(DEG) //) ouUT*0077
WRITE (NTAPE9500) (JoP(J) o T(J)IWYE(J) 9BREFF(U)sU(J)PVR(J) o oUT*0078

1 ' EMR({J) 9POR(J) s TOR{J) oBETR (J) o J=1 ¢NLINES) ouUT*0079
500 FORMAT ((SXgT296XsFF b ot XgFB8,294XeFBeSs4X9FBeS592X92(F104302X) ouUT#0080
12XeFB84533XeFPed34XeFBe293X9FB43)) ouT®0081

60 TO 1800 ouT#0082

600 WRITE (NTAPE1450) (HWS(I)eI=15+28) ouUT®20083
WRITE (NTAPE9650) (JoP(J)aT(JYeAY (J)sCRV(JIYU(I) s VRI() o ouUT*0084%

1 EMR(J) oPOR(J) «TOR(J) sBETR (J) ¢ J=1oNLINES) ouT*#0085
650 FORMAT ((SXeT296XeF V494X eFBa293XsFBe393X9F104502X02(FLl0e392K) ouT#pp86
12XeFReS93XIFFed94XeFBe293XeF8.3)) OUT®*0087

IF (ISRI.EQ.1) GO TO 1500 ouT#0088
ARITE (NTAPF+700) ISTG ouUT*®*0089

700 FORMAT (///7/53Xy BH#¢ STAGE,I2915H PERFORMANCE aw#) ouUT#0090
WRITE (NTAPE750) (JesREACO(J) yREAC(J) sWYEOQ(J) s WYE (J) 9+BREFFO(J) ouUT#0091

1 BREFF (J) sEFFR(JIVEFFS(J) 9 J=14NLINES) ouT#0092
7590 FORMAT (//7//51XsE6HSTATORy7X+45SHROTOR/50X92 (BHPRESSURE ¢4X) s ouT#0093
17H STATOR¢TX 92 (SHROTORy7X) ¢SHSTAGE/13X9 JOHSTREAMLINE 44X, oUT#0094
26HSTATUR s TX 4 SHROTOR 93X 92 (64X 94 HLOSS94X) s2(2X99HBLANE ROWe1X) s QIT#0095

A2 (IX1OHISENTROPIC1X) /15X THNUMBER 42 (4X 4BHREACTION) 92X, ouUT®#0096
42(1Xe 1 IHCOEFFICIENT) 91X94 (10HEFFTCIENCYs2X)/7 /(17X 126Xy OUT#g097
S2(FF,5¢3X) 91 X96(FReSe4X))) ouUT*#0098
WRITE (NTAPF,800) ouT#0099

800 FORMAT (//7/52X928H% MASS~AVERAGED QUANTITIES #) oUT*#0100
WRITE (NTAPE+950) SBREA(IBR=1) ¢yBREAPsSWPySTEP SSEP4SJYSP ouUT*0101

850 FORMAT (//43X930HSTATOR BLADE=ROW EFFICIENCY = 4F9,9//44xy ouT#0l02
129HROTOR HBLADE=ROW EFFICIENCY = ¢F9,5//60X913HSTAGE WURK = QUT*0103
2F9e3412H HTU PER LBM /748X ¢25HSTAGE TOTAL EFFICIENCY = OUT#0104
AF9,5/4TX26HSTAGE STATIC EFFICIENCY = 4F9,5/39X, OUT#0105
434HSTAGE BLADE= TO JET=SPEED RATIO = ¢F9,5) QUT*g106

IF (IDSWNENDSTAT) GO TO 1500 QuUT*0l107

IF (NSPOOL,G6T,1) GO TO 959 QUT#*0108
WRITE (NTAPE#900) QUT*0109

900 FORMAT (1H1/////36X:60H#%s SPOOL PERFORMANCE SUMMARY (MASS<AVERAGEOUT®#0110
10 QUANTITIES) #e#) QUT#*0111

GO To 1050 oUT*0112

950 WRITE (NTAPE«1000) ISAV QUT*0113

1000 FORMAT (1H1,////735xe9He#s SPOOL,I2,51H PERFORMANCE SUMMARY (MASS-AQUT#0114
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]

28

Bt

A

0oo0On

IVERAGED QUANTITIES) ###%) OUT*0115
1050 I+ (NSTG.EQ.1) GO TO 1150 QUT*0116
WRITE (NTAPF91100) (I9BREA (2%1=1)+BREA(2*I)sSW(I)+sSTE(T)eSSE(I)e OUTHO01}17

1 SJS(1)eI=19NSTG) ouUT#0118
1100 FURMAT (////7100X9s5HSTAGE/39Xs6HSTATORs 7X9eSHROTORe12X, oUT*0119
12(7X+sSHSTAGE) ¢5% ¢9HBLANDE= TO0/28Xs5SHSTAGE 42x92 (3x ¢ IHBLADE-ROW) 4 0T*0120

25X 95SHSTAGE s 7X 9 SHTOTAL 96X 9y 6HSTATIC 45X 9 IHJET~SPEED/27 X ouT*0121
FAHNUMEER 42 (2X910HEFFICIENCY) s5X94HWORKeIX92(2Xs 10HEFFICIENCY) s OUT®0122

49 XsSHRATIO/62X99H (BTU/ZLBM) //7(29Xe12e6X02(FPe503X)eF9.3y ouUT*0123
S3(3XeF9.5))) oUT*0124
1150 wRITE (NTAPE41200) SPweSPP+SPTT 4 SPTS SPTE 4SPSE4SPJS OUT*0129%
1200 FORMAT (////760Xe13HSPOOL WORK = 9F9.3912H BTU PER LBM/ QUT*0126
159X014HSPO0L. POWER = 9F9.293H HP/364X, ouT*0127
239HSPCOL TOTAL= TO TOTAL«PRESSURE RATIO = +F9¢5/33X» QUT#0128
340HSPCOL TOTAL= T0O STATIC=PRESSURE RATIO = 9sF9,5/48X, OtIT#*0129
425HSPCOL TOTAL EFFICIENCY = 4F9,5/47Xy ouT#0130
E26HSPOUL STATIC EFFICIENCY = ¢F9,5/39X, ouT#*0131
634HSPCOL BLADE= TO JET=SPEED RATIO = #F9,5) ouT#*0132

IF (NSPOOLEQel,0ReISAV.NENSPOOL) GO TO 1800 OUT#0133
WRITE (NTAPF+1250) ouUT#®g134

1250 FORMAT (1H1////7/735X462H* %« QVERALL PERFURMANCE SUMMARY (MASS=AVERAOUT*0135
1660 QUANTITIES) ###) oUT#0136
WRITE (NTAPE+1300) OWsOTTs0OTSyOTESOSELOQJS ouT#0137

1300 FORMAT (////58Xs15HOVERALL WORK = sF9+3912H BTU PER LBM/32X» ouT*0138
144HOVERALL TOTAL- TO TOTAL<PRESSURE RATIO = ,F9,5/31X¢ ouT#*#0139
242HQVERALL TOTAL~ TO STATIC=-PRESSURE RATIO = ¢F9,5/46X, oUT#0140
327HOVERALL TOTAL EFFICIENCY = sF9,5/45Xs ouUT*014l
428HOVERALL STATIC EFFICIENCY =3 3F9,5/37xy NUT*0162
S36HOVERAILL RLADE= TO JET=SPEED RATIO =3 »F9,5) oUT*0143

G690 TO 1800 oUT*0144

1500 IF (IvIx,EQ_0,AND,ICOOL.,NE,2) GO TO 1800 oUT#0145
IF (ISRIWNEL)1) GO TO 1700 OUT#0146
WRITE (NTAPE+1550) HW6(2).ISTG oUT*#*0147

1550 FORMAT (//7/7/743Xe 3H#® JA6,12934H MIXED AND/OR COOLED QUANTITIES ##0UT*0148
1) ouUT#0149
WRITE (NTAPE«1600) (JePOU(J) s TOU(J) s PORU(J) o TORU(J) 9J=]1 oNLINES) QUT*0150

1600 FORMAT (///7/750X92 (BHABSOLUTE 4 X) v2 (BHRELATIVEs4x) /37 x> oUT#0151
110HSTREAMLINE 95X 94 (SHTOTALsTX) /39X e 6HNUMBERI3X 92 (2X2BHPRESSURE » ouT*0152
23Xe11HTEMPERATURE) 746X 92 (6X9sSH(PSI) 96X 7TH(DEG R))//(41Xe12, oUT#0153
A3X02(3IXeF9,694X9FB,2))) ouUT#0154

GO TO 1800 O1IT*0155

1700 ISTGP=ISTG+1 ouT#015%56
WRITE (NTAPE+1550) HW6(1l),ISTGP OUT#*#0157
WRITE (NTAPE1750) (JePOU(J) 9o TOULJ) »J=1sNLINES) ouUT#(0158

1750 FORMAT (///762X32 (AHABSOLUTE94X) /749X 1OHSTREAML INEsO X OUT*0159
12 (SHTCTALy7x) /51X +s6HNUMBER y5X ¢ BHPRESSURE 43X 91 lHTEMPERATURE / oUT*0160
264X 9SH{PSI) ¢6X9TH(DEG R)//7(53X91296X9FOes9aX,F8,2)) ouUT*0161
ouUT*0162

RECONVERT THE TABULAR OQUTPUT INTO A CONSISTENT SET OF UNITS oUT*0163
OUT*0164

1800 00 2000 J=1,NLINES 0UT*0165
RST (J)=3RST (J)/CNV] OUT*#0166
PU(J)y=CNV2*P 0 (J) oUT#Ql67
S8ET(J)=RET(J)/CNV3 oUT*0168
P(J)=CNv2#*P (J) oUT#*0169

IF (ICONV,EQe0+sANDeISRILT3) GO TO 1859 ouUT*0170
AY(J)ysAY (J)/CNVI ouT*0171

CRy (J) sCNy1#CRY (J) ouT*0172
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1850

1900

2000

IF (ISR1.GE,3) GO TO 1900

POR (J) aCNV2#POR (J)

8ETR (J)=BETR (J) /CNVI

I¥ (INS.EQ.NDSTAT} GO TO 2000

IF (ICONV.EQ.040R, (IMIX.EQ,0,AND,ICOOLNE,2)) GO TO 2000

POY (J) =CNVZ24PQU (J)

IF (ISRIJNE.1) GO TO 2000
PORU (J) sCNV2#PORU (J)
CONTINUE

RETURN

END
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ouT*0173
ouT#0174
oUT*017S
oUT*0176
ouUT#0177
ouUT#*0178
ouT*0179
ouT*0180
ouTt#0181
ouT#0182
ouT#*#0183



APPENDIX XX111

SUBRAUT INE _START

Each time a pass is made through the continuity loop, a new

value of meanline meridional velocity is chosen. The function of Sub-

routine START is to obtain consistent meanline values of the remaining
unknowns, namely the tangential velocity, and the natural logarithms of
absolute total pressure and absolute total temperature.

Subroutine START is called twice by Subroutine RADEQ2 during
each continuity iteration, for the integrations first toward the hub and

then toward the casing; it does not call any other subroutines. The sub-

routine does not require external
put. Internal input and output are transmitted through blank C@MM@N,

COMMBN/CEM1/, COMMBN/CEM2/, COBMMBN/CBM3/, CAMMBN/CEM5/, and CEMMEN/CEM7/.

The internal input consists of:

input and does not provide external out-

AY BET DT GAMA1
GAMA2 GJCP12 GJCP2 GJCP22
ISRI IWRLS MEAN P@

PgU T8 ToU T@RU

u uu VTU VUMS
WYE Y

(These symbols are defined in the appropriate sections of the COMMZN For-

tran Nomenclature.) The internal output, transmitted as the argument of

the calling sequence, consists of:

Y

Additional Fortran Nomenclature for Subroutine START

Fortran
Symbol Symbol Description Units
FUNI Rotor relative total pressure

ratio in the absence of radial
streamline displacement

GJCPTI 23-j(}i15i Parameter related to the ab-
solute total temperature at

a design station fps
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Fortran

Symbol
GJCPT2

PRAT
PRRAT

TRRRAT

uP
uuP

Y(1)
Y(2)

Y(3)
Y (W)

(\l\'\ ™
(’U.\-hm
hﬁ“ M
hﬂUtDm

(V“QM
AW

Description

Parameter related to the modi-
fied upstream relative total
temperature

Static-to~total pressure ratio

Relative-to-absolute total
pressure ratio

Design station-to-upstream
relative total temperature
ratio

Meanline blade speed
Upstream meanline blade speed
Meanline meridional velocity

Natural log of meanline ab-
solute total pressure

Meanline tangential velocity

Natural log of meanline ab-
solute total temperature
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CABE

g

s NeNeNgl

SUBROUTIME START(Y)

START = FURNISHES STARTING VALUES OF LN POs VUs AND LN TO FOR THE

RUNGA=KUTTA INTEGRATION, BASED ON THE CyURRENT VMM

COMMON IRRs ICOEF s ICONVICOOL 9 {DLETE9IUS»ILLOOP1LO0P,1L0OSS,
1THIX e ISAVISONsISPECeISRIGISTGs IPOFSoNOSTATeNLINESINSPOOL y
ZNSTGINTAPE +NTUBESIWRLS

COMMON /COML/ZAY (17)9BET(17)+BETR(LT7)sBREFF(1l7)eCRV(iT)
1NFLOW(LT7) oEFFR(LT)9EFFS(17) oEM(LTIIEMR(LT)9FACL{17)*GRND(17)
2P(17)9PG(17)sPOR(1T)OREAC(LIT)sT(L1T7)oTOL{LIT) o TOR(IT) o U(1T)y
AVILIT7) VM7 o VR (17D oVT (L) o VX (LTI oWYELL1T7) owYK(1T7)

COMMON /COM2/CP (17)+CP19CP2yCP34CP44CPS4EJCP] sEJCP2y
1GAMA1 +GAMAR ,GAMA3 4 GAMB1 9GAMC1 9GAMD2+GAMD3 ¢6GAMDS ,GAMDS

26AM] ¢GAM2+GAMI 9 GAMG ¢y GAMS 1 GASC GGGl 9GJCPl9GJUCP12,GUCP2y

100

120
140

200

AGJCP22+GJUCPI29yGJCP4249GJCPS2

COMMON /COMI/BETRU(1T)sBETU(17) ¢yBREFFO(17)+0POUDR(17)
1DPRUDR(17) yDTRUDR(17) sPOO(17)9sP0O02(17)+PORU(L1T) +POULLT)
2REACO(17)«TNO(L7)9TOO02(17)sTORU(LT)sTOU(LT)+UU(LT)»
AVRUCIT)Y oVTU (LT o VULCLIT) oWYEO(LT) oDTOUDR(LT) sDVTUDRI(LT)
COMMON /COMS/ASTR(17917)9ASTS(1T7)9BETLT(17)9CSTR(1T7917)y
1CSTS(1T7)sDTO(LT7)oFHP (B) oFLWCoIPOF (B) s ISTRACHNLT,
2NSTAT ¢NSTRACINXToPOF (1798) «POLT(17) 9sRANN{1902) oRLT(17)
IRSTRAC(17017) 9RSTRAS(17) sRXTSIIT) 9 TOC(16) s TOLT(1I7) o
4wRLS (17) 9 AMIX(17916) s XSTAT(19) 9YOS(17) ¢ IWRL (8) s VUM (B) 2 VUMS,
SDVMDRS (17) eDVMDS (17)

CUMMON /COM7/COT60sDFLWT oDFLWTOWEMMAXIEMMINS ICNT 9 JJ»
1JJF o MEAN yRATIO » yMM 9 yMMO 9 yMMOO

DIMENSION Y (6)

IF (ISRI.LE.2) GO TO 100

Y{2)=ALOG (PO (MEAN))
Y(3)=Y(1)#TAN(BET(MEAN) ) ®COS(AY (MEAN))
Y(4)=ALOG({TO(MEAN))

RETURN

IF (ISRI.EQ.2) GO TO 200

Y (4)=ALOG(TOU(MEAN])

IF (IwRLS.NE.O) GO TO 120

Y (3)=vUNS

GU TO l40

Y{3)=Y(1)#TAN(BET (MEAN) ) #COS (AY (MEAN)}
PRAT=(1e0=(Y(1)%%#24Y (3)#02)/(GJICPL2*TOU(MEAN)) ) ##GAMA]L
Y(2)=ALOG(POU(MEAN) /(1. 0+WYE (MEAN)*(1.0=~PRAT))})

RETURN

Y(6)=ALOG (TOU(MEAN)~DTO (MEAN))

UP=U (MEAN)

uuP=yy (KEAN)

Y{3)= (UUP%VTU(MEAN) ~GJCP2#DTO (MEAN) ) /UP

GJCPT1=GUCP12% (TOU(MEAN)=DTO (MEAN))
GJCPT2=GJCP22#TORU (MEAN)

PRATER(le0=(Y(1)#®2+Y(3)%%2) /GJCPT))*#GAMA]

PHRATE (1., 04UP* (UP=2,0%Y(3))/GJCPTL) *#GaMAl

TRRRAT=1,0+ (UP##2_UUP##2) /GJCPTZ
FUN1sPRRAT+WYE (MEAN) *# (PRRAT=PRAT)

Y(2)=mALOG (PORU (MEAN) ®*TRRRAT##GAMAZ2/FUN])

RETURN

END
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STA#0000
STA#0001
$Ta%0002
STA%0003
STAa#0004
STa*0005
STA%0006
STA#0007
STa*0008
STA*0009
STA*0010
STA%0011
STA%0012
STA#0013
STaA*0014
STA#0015
STA*0016
STA®*0017
STA#0018
STA%#0019
STA®#0020
STA#0021
STA*(0022
STA®#0023
STA*0024
STA*9025S
STA*002e
STA®#0027
STA%#0028
STA®#0029
STA*0030
STA#(0031
STA#0032
STA#0033
STA®#0034
STA®#Q0035
STA#0036
STA#0037
STA®0038
STA#0039
STA#0040
STA®*0041
STA#Q042
STA#0043
STA#0044
STA#0045S
STA%*0046
STA®#0047
STA#0048
STA®Q049
STaA®*0050
STA#0051
STA%*0052
STA®*0053
STA®0054
STA*0055



APPENDIX XXIV

SUBRAUT INE LASCER

Subroutine L@SCPR furnishes streamline values of total-pressure-
loss coefficient and the derivative of total-pressure-loss coefficient
with respect to radius for each blade row exit design station. The loss
coefficients are obtained either from the input data, or from the internal
correlation and additional loss factors, if any. When the internal corre-
lation is used, Subroutine L@SC@R also checks for convergence of the loss
iteration.

Subroutine LPSCPR is called by the main routine each time stream-
line locations are reestimated at a blade row exit design station; it calls
Subroutine SL@PE after obtaining revised values of streamline loss coeffi-
cient. Subroutine LPSCPHR does not require external input and does not
provide external output. Internal input and output are transmitted through
blank C@MM@N, CAMMEN/COM1/, COMMBN/CEM3/, CPMMBN/CEML/, CEMMBN/CEM6/,
COMMBN/CEMB/, and CPMMEN/CBMI2/. The internal input consists of:

AY FACL I SPEC 1SR1
NLINES TOLWY U VM
VRU VT vu YC@N

(These symbols are defined in the appropriate sections of the C@MM@N For-
tran Nomenclature.) The internal output transmitted through C@MM@N con-
sists of:

WYE DWYDR
The internal output transmitted as the argument of the calling sequence
is:

I YC@NV

Additional Fortran Nomenclature for Subroutine LOSC@R

The following table gives the Fortran nomenclature for those

symbols used in Subroutine L@SCPR which are not part of C@MM@N.

Fortran
Symbol Symbol DescriEtion Units
BETAP /3 A streamline value of absolute
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Fortran
Symbol Symbol Description Units

flow angle at a stator-exit de-
sign station rad

BETARP fgl A streamline value of relative

flow angle at a stage-exit de-
sign station rad

4
FV@BNV f(!éT) A function of row inlet-to-exit
o relative velocity ratio; the
reaction term of the loss cor-
relation -

FY Damping factor for the loss it~
eration; FY=0 implies zero
damping -

IYCONVY Indicator:
IYCOANV=0 if the iteration on
streamline values of total-
pressure-loss coefficient
has not converged
IYCANV=] if the iteration on
streamline values of total-
pressure~loss coefficient
has converged --

/
REACP Vm A streamline value of row inlet~
VE; to-exit relative velocity ratio --
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(s XeNeNeNse]

100
200
300

400

S00
600

To0 %YECOR(I)=ABS(TAN(BETRU(I))=TAN(BETARP))/ (CON4+CONS*COS (BETARP))*

800

825
850

900

1000

SUBROUTINE LOSCOR(IYCONV)

LOSCOR = CALCULATES NEW STREAMLINE VALUES OF TOTAL=PRESSURE=LOSS
COEFFICIENTS FROM THE CORRELATION AND CHECKS THEIR
CONVERGENCE WITHIN THE SPECIFIED TOLERANCE

COMMON IRRyICOEF yICONVoICOOL »IDLETE»IDSsILLOOP,TLOOP4ILOSS,
1IMIX9ISAV.TSONYISPECIISRIZISTGsIPOFSeNDSTATINLINESsNSPOOL
2NSTGoNTAPEWNTUBES s IWRLS

COMMON /COM1/AY (17)9BET(17)sBETR(17) oBREFF(1T7)9CRVI(LT)
1DFLOW(LT) oFFFR(1T) 9EFFS(17)4EM(1T) 9EMR(1T)oFACL(17)9GRND(17)
2P(17)sPC(17)9PORCITYIREAC(LIT)oT(17)9TO(L7)9TOR(IT)SU(1T)
AVIITIOVM (IT) o VRILIT) o VT LLIT) sVX(L1TY owYEL(LT) o WYK(1T)

COMMON /COM3/BETRU(17)9BETU(17)9BREFFO(L7)90POUDR(1T7)
1UPRUDR (17) ¢NTRUDR(17)sPOO(17)sPO02(LT)4PORU(LT) POU(L1T),
Z2REACO(LT) +TOO(17)9TOO2(1T) e TORU(LIT) o TOUCLIT)SUU(L1T) e
AVRU(17) oVTU(1T7) o VU(1T7) eWYEO(17) «DTOUDR(17) sOVTUDR (17}

COMMON /COM4/FLW(17) sFLWPsHPsRPMsRST(17)9WFN(17)

COMMOR /COM&/CNV] yCNV2eCNV3IoCNVSIEJAYsGOsPIeTOLWY

COMMON /COMR/DADR (17) 9DBDR(17) 9DPODR(17) +DTODR(17) ¢
1DVTOR(17) 9DwYDR(17)

COMMON /COM12/ CON19CON2,CON39»CONS9CONS9CONO,CONT7 +CONByCONS

DIMENSION WYECOR(17)

DATYA FY /0.0/

IF (ISRI.GT.2) RETURN

It (ISPEC.EQ.Q0) GO TO 1000

IF (ISRI.EN,2) GO TQ 400

DO 300 I=1sNLINES

REACP=VU(I) /SQRT (VT (1) ##2+VM(]) #82)

IF (REACP,GE.CON3) GO TO 100

FVONV=CONgeCONTH#REACP#%#CONS

GO TO 200

FVONV=CON1 +CON2#* (REACP=CONI)

BETAP=ATAN(VT(I) /7 (VM(I)*COS(AY(I))))

WYECOR (1) =ARS(TAN(BETAP)=TAN(BETU(I)} )/ (CONe+CONS*COS(BETAP) )
1FVONYV

GO TO 800

DO 700 I=1,NLINES

REACP=VRU(I)/SART((VT(I)=U(]))*#2+VM(])##2)

IF (REACP.GF.CON3) GO TO S00

FVONV=CONg+CONT#REACP*#CONB

GO TO 600

FVONV=CON1+CON2* (REACP=CONI)

HETARP=ATAN((VT(T)=U(I))/Z (VM(I)*#COS(AY(I))))

1LFVONV

IyCONV=]

IF (ISPEC,Eq.l) GO TO 850
DO 825 I=1+NLINES
WYECOR(I)aFACL(I)*WYECOR(I)
DO 900 1a14NLINES
IF (WYECOR(I)eGT+CON9) WYECOR(I)=CON9
IF (ABS(WYECOR(I)/WYE(I)=1,0) +GE.TOLWY) IYCONVEQ
WYE(I)FY#*WYE(I)*(1«0=FY)®WYECOR(I)
CALL SLOPE(RSTeWYE+OWYDRONLINES)
RETURN

DO 1100 I=1 NLINES
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LOS*0003
LOS*0004
LOS*0005
LNS%0006
1.OS#0007
LOS#0008
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LOS*0011
LOS%00)12
LOS*0013
LOS#0014
LOS*0015
LOS*0016
LOS®#0017
LOS*(0018
LOS#0019
1.OS*0020
LOS®0021
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LOS*®*0024
LOS*0025
LOS*0026
LOS*0027
LLOS*0028
1.0S*0029
LOS#0030
LOS#0031
1.05%0032
1.0s*0033
LOS*0034
LOS*#0035
LOS*0036
LOS#0037
LOS*#0038
LOS*0039
1.0S*0040
1L.0S#0041
LOS#0042
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LOS*0048
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LOS*0053
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LOS*0056



1100 wYE(I)=FACL (I)
CALL SLOPE(RSTeWYE+DWYDRyNLINES)
IYCONV=]
RETURN
END
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